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Cation exchange capacity of biochar: An urgent method modification
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H I G H L I G H T S

• The ammonium acetate (NH4OAc)
method was validated in batch for dif-
ferent biochars.

• CEC estimates were based on sum of
base cations and displaced NH4

+ by K+.
• Optimal equilibration time and amount
of NH4OAc and KCl were established.

• The role of readily soluble and ex-
changeable cations was compared.

• Isopropanol did not penetrate all the
micro-pores of some biochars.
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Biochar, produced through pyrolysis of organic matter, is negatively charged, thus contributing to electrostatic
adsorption of cations. However, due to its porous structure and contents of alkaline ashes, the determination
of the cation exchange capacity (CEC) is challenging. Literature values for the CEC of biochar are surprisingly var-
iable and are often poorly reproducible, suggesting methodological problems. Here, we modify and critically as-
sess different steps in the existing ammonium acetate (NH4OAc) method (pH 7), where ammonium (NH4

+) is
displaced by potassium chloride (KCl), following removal of excess NH4OAc with isopropanol, in batch mode.
We used pigeon pea biochar to develop the method and conducted a test on three additional biochars with dif-
ferent acid neutralizing capacity. A pretreatment step of biochar was introduced, using diluted hydrochloric acid,
to decrease biochar pH to near neutral, so that 1 M NH4OAc effectively buffers the biochar suspension pH at 7.
This allows the CEC of all biochars to be determined at pH 7, which is crucial for biochar comparison. The disso-
lution of ashes may cause relatively largeweight losses (e.g. for cacao shell biochar), which need to be accounted
forwhen computing the CEC of raw biochar. The sumof NH4OAC-extractable base cations provided a smaller and
better estimate of the CEC than KCl-extractable NH4

+. We hypothesize that the overestimation of the CEC based
on KCl-extractable NH4

+ is due to the ineffectiveness of the relatively large isopropanol molecules to remove ex-
cess NH4OAc in biochars rich in micro-pores, due to size exclusion. The amount of base cations removed in the
pretreatment was about three (rice husk biochar) to ten times (pigeon pea biochar) greater than the amount
of exchangeable cations. The CEC values of biochar increased from 10.8 cmol/Kg carbon to 119.6 cmol/Kg carbon.
These values are smaller than reported CEC values of soil organic carbon.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Biochar is a carbon-rich product made by pyrolysis of organic waste,
which may be used as a soil enhancer. Particularly, in tropical soils bio-
char has been shown to have a positive impact on soil fertility, including
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increased potassium (K+) content, pH, water retention capacity, and
cation exchange capacity (Jeffery et al., 2011; Liang et al., 2006;
Martinsen et al., 2015), which all contribute to increased crop yield
(Jeffery et al., 2017). Moreover, biochar is emerging as an alternative
for heavy metal remediation in soil and water (Ahmad et al., 2014).
For the assessment of the effect of biochar on soil properties and its po-
tential as remediation agent, it is important to have reliable and accu-
rate determination of its contribution to the soil's cation exchange
capacity (CEC). However, in the literature CEC estimates for biochar
are highly variable, commonly ranging from 5 to 50 cmol(+) Kg

−1

(Agegnehu et al., 2016; Berek and Hue, 2016; Budai et al., 2014;
Gamage et al., 2016; Nelissen et al., 2015; Singh et al., 2010; Song and
Guo, 2012) and even reaching values as high as 69 to 204 cmol

(+) Kg
−1 (Lou et al., 2016; Mukherjee et al., 2011; Pandit et al., 2018;

Yuan et al., 2011). The large variability in CECmay be due to the number
of factors affecting the surface properties of biochar, such as charring
temperature and feedstock (Budai et al., 2014; Suliman et al., 2016).
However, it also may be attributed to errors in the analytical method,
which have not yet been properly addressed. Previous research
(Graber et al., 2017) summarized the potential sources of error in CEC
determination of biochar, whichmay relate to the presence of ashes, po-
rosity and the intrinsic hydrophobicity of biochar:

1. Incomplete saturation of exchange sites, due to hydrophobicity of
biochar, which may cause poor wetting of the sample and thus un-
derestimation of the CEC.

2. Slowdiffusion of replacing cations, due to themicro-porous structure
of biochar, which can prolong the equilibration time, potentially
causing underestimation of the CEC.

3. Floating and non-settling particles can increase substantially the
mass losses during the decantation process may cause underestima-
tion of the CEC.

4. Release of base cations coming from the dissolution of carbonates
and silicates present in ashes can interferewith the sumof exchange-
able base cations (overestimation of CEC).

5. Soluble carbonates in biochar can change the pH of the replacing so-
lution, with increasing pH causing an increase in CEC.

Methodologies, where displacement after washing is applied are
commonly used for CEC analysis in soil (Bache, 1976; Rhoades, 1982)
and more recently in biochar (Graber et al., 2017). Often, base cations
extracted by NH4OAc at pH 7 (Chapman, 1965; Hendershot et al.,
2008; Schollenberger, 1945) are used to estimate sum of exchangeable
base cations,which, in near-neutral soils, often is assumed to be equal to
CEC. Alternatively, the CEC is based on displaced NH4

+ (CEC-NH4
+) by

KCl in a subsequent step, after washing with an organic solvent, such
as isopropanol or ethanol. Advantages of NH4OAc include the avoidance
of hydrolysis problems of non-neutral salts, the high wetting and pene-
tration capacity (e.g. comparedwith barium chloride), and the inexpen-
sive reagents (Schollenberger, 1945). Moreover, NH4OAc (pH 7) allows
comparison of different biochars at neutral pH, which is important, due
to the pH dependency of CEC and the high variability in surface proper-
ties among different biochars (Mukherjee et al., 2011). However,
biochar's CEC may differ considerably between its natural pH and
pH 7. In addition, the alkalinity of biochar is highly variable and for
some chars it may be needed to adjust pH with acid before using
NH4OAc (pH 7). This may cause problems such as removal of some cat-
ions, electrostatically bound to weak acid functional groups at the bio-
char surface, due to protonation of these groups in response to acid
addition, and thus, affecting CEC based on sumof base cations (CEC-BC).

Graber et al. (2017) modified a two-step procedure for determina-
tion of CEC of biochar using 1 M NH4OAc (pH 7), isopropanol and 2 M
KCl. In brief, biochar was shaken with 1 M NH4OAc at pH 7 in batch
mode and then transferred into a mechanical extractor, where more
NH4OAc was added, before washing with alcohol and subsequently
with KCl. According to these authors the method has a number of

aspects which need further development, including: 1) The biochar: so-
lution (B:S) ratio required for the saturation with NH4

+ and displace-
ment with K+. 2) The equilibration time of the saturation of exchange
sites with NH4

+ and its subsequent displacement with K+. 3) Amount
of extraction steps required to get full saturation and subsequent re-
moval of NH4

+. In the present study we explore most of these aspects
and suggest ways forward. The batch approach ensures contact be-
tween the biochar and the solution, which is important when assessing
the reaction timewith NH4OAc, KCl and isopropanol and it avoids prob-
lems such as preferential flow in the column.

In our studywewill critically assess (A) the B:S ratio required for the
saturation with NH4

+ and displacement with K+, the equilibrium time
with 1 M NH4OAc and 2 M KCl, the volume of isopropanol needed to
wash the excess NH4

+, the optimal volume of 1MNH4OAc to sufficiently
displace cations on biochar surface and the volume of KCl to replace
NH4

+ from the exchange sites, (B) to assess the relative contribution of
readily soluble salts vs. exchangeable cations and (C) to compare CEC
estimates based on displacement of NH4

+ by K+ and CEC based on
sum of base cations.

2. Materials and methods

2.1. Biochar samples

Four types of biochar were used in this study: pigeon pea biochar
(made at 600 °C in an earth-mound kiln at Mkushi, Zambia), cacao
shell biochar (made in a locally constructed kiln at Bogor, Indonesia at
350 °C (Hale et al., 2013)), corncob biochar (made in a traditional
earth-mound kiln in Zambia at 400 °C during 7 days (Cornelissen
et al., 2013)) and rice husk biochar (made at 400–500 °C in a drum re-
tort kiln at Chisamba, Zambia at 350 °C (Obia et al., 2016)). The biochar
production methods are discussed in the references. In addition, two
certified soils materials (NCS DC85101a and NCSDC85113 (NCS,
2017)) were included in the batch experiment. Biochar samples of
about 5 L were taken to the Norwegian University of Life Sciences
(NMBU), where they were crushed and sieved to 0.5 mm to 2 mm.

2.2. Biochar pretreatment

For some of the biochars, the buffered NH4OAc (pH 7) solution may
not adjust the pH to 7 (this is especially important for biochars with
high alkalinity). Therefore, CEC estimates with and without pretreat-
mentmay diverge, since CEC is pH-dependent. To circumvent this prob-
lem, the biochar sampleswerewashedwith deionizedwater and the pH
values adjusted to pH 7, using 0.05 M hydrochloric acid (HCl), thus re-
moving readily soluble cations associated with salts, ashes and weak
acid functional groups. First, 1 g of biochar (1.0 ± 0.005) and 20 ml of
deionized water were added to 50 ml polypropylene tubes. The tubes
were shaken at 200 rpm in a horizontal shaker overnight to ensure a
proper wetting of the sample. Next, 0.05 M HCl was gradually added
to the tubes until reaching pH 7.0 ± 0.3. Subsequently, the tubes were
shaken during 24 additional hours. The amount of acid added was re-
corded and the amount of H+ to reach pH 7was calculated to determine
the acid neutralizing capacity (ANCpH7). Next, the tubes were centri-
fuged at 1700 g during 15 min, the supernatants were removed using
a 10 ml pipette and the biochar slurry in the tubes was washed twice
morewith 20ml deionizedwater and shaken for 24h each time. The su-
pernatant in the third washing should have EC values b 0.2 mS cm−1 to
avoid significant amounts of base cations in the slurry prior to NH4OAc
addition,whichmay cause overestimation of exchangeable base cations
in the NH4OAc extracts. The total amount of water and dilute HCl used
for each biochar were recorded and the supernatants were stored for
analysis of base cations by inductively coupled plasma optical emission
spectrometry (ICP-OES).
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2.3. Release of exchangeable cations in NH4OAc (pH 7)

To know the adequate amount of NH4OAc needed to extract all ex-
changeable cations, the four types of biochar and two certified soil ma-
terials (1 g dry weight of each) were extracted four times consecutively
with 20ml 1MNH4OAc each time. In the first extraction, the tubeswere
shaken horizontally during 24 h at 200prm, then centrifuged at 1700g
during 15 min and the supernatants collected and stored until analysis.
In the three subsequent extractions, the supernatants were collected
after 2 h shaking. The extracts were analyzed for Ca2+, Mg2+, K+,
Na+, Fe, Al and Mn by ICP-OES and the CEC calculated based on sum
of exchangeable base cations.

2.4. Washing of excess NH4OAc with isopropanol and subsequent NH4
+ ex-

traction with KCl

The adequate amount of isopropanol needed to remove excess NH4
+

after shaking with NH4OAc, was determined, using pigeon pea biochar.
The test involved four washings steps with 20 ml 99% isopropanol in
triplicate. The biochar was pre-treated as described above; subse-
quently, 20 ml of 1 M NH4OAc was added and the tubes were shaken
at 200 rpm during 24 h. After extraction with NH4OAc, the biochar
slurry was washed with 20 ml 99% isopropanol, once, twice, three and
four times, respectively. In each case, 20ml of 2 M KCl were added sub-
sequently and the tubes were shaken during 24 h at 200 rpm. The tubes
were centrifuged at 1700 g, and the supernatants were analyzed for
NH4

+ (for details see next paragraph). In addition, we determined
NH4

+ in isopropanol extracts after three and four washings in the
other biochar types and certified soils.

2.4.1. Biochar to solution ratios and equilibration time for KCl extraction
A factorial 3 × 3 × 2 experimentwas set up to assess the importance

of diffusion of replacing cations (NH4
+ and K+) in micro-pores over

prolonged time by equilibrating pigeon pea biochar with 1 M NH4OAc
(pH 7) for 1 and 7 days, respectively, and for 1, 3 and 7 days with 2 M
KCl. In addition, the effect of three different biochar to solution (B:S) ra-
tios (1:15, 1:30 and 1:45) on the final CEC estimates, based on displaced
NH4

+ in the KCl extract was assessed. One gram of biochar and 15 ml of
NH4OAc andKClwere used for the treatment 1:15,while 0.5 g and 15ml
and 22.5 ml were used in the 1:30 and 1:45 treatments, respectively.
Only one loading with 1 M NH4OAc and one with 2 M KCl was done.
The pH adjustment and the washing with water was done in the same
way as described above. Every treatment was assessed in triplicates.
All the CEC estimates were based on displaced NH4

+ by K+.

2.4.2. Extractions of NH4
+ by K+

The amount of 2 M KCl needed to displace NH4
+ by K+ was deter-

mined through three subsequent extractions with 20 ml 2 M KCl each
time. One gram of the four types of biochar and the two certified soils
was weighed in 50 ml plastic tubes. For biochars, the pH and EC adjust-
ment was done as described above. The certified soils were not
pretreated. Subsequently, the samples were saturated with NH4OAc,
washed four times with 20 ml of 99% isopropanol and then extracted
three consecutive times with 2 M KCl in triplicates. The CEC was esti-
mated based on displaced NH4

+ in the KCl extracts.

2.5. Chemical analysis

The NH4OAc extracts were analyzed for base cations (Ca2+, Mg2+,
K+, Na+) by ICP-OES. Displaced NH4

+ was analyzed in 2 M KCl extracts
spectrophotometrically (see Supplementary data). All results were
corrected for dry matter content of biochar and background concentra-
tion in the sequential extractions.Moreover, the biocharswere analyzed
for total amount of Ca, Mg, K, Na and after decomposition with nitric
acid (HNO3) and hydrofluoric acid (HF).

2.6. Reproducibility

Weevaluated the reproducibility of the CEC-NH4
+ estimates by using

coefficients of variation (CV), i.e. the relative standard deviation, of
those experiments in which we carried out 3 and 4 washings with
isopropanol. For CEC-BC we used CV of experiment 2 (Table 1), in
which four consecutive extractionswith 1MNH4OAc (pH 7)were done.

2.7. Mass loss

After the extractionwith 2MKCl, the biochar slurrieswerewashed 3
times with 35 ml deionized water to remove the excess of salt, until EC
≈ 0.4 mS cm−1 and dried during a week at 70 °C. The mass loss during
all the procedurewas determined and the CEC values referred to the ini-
tial raw biochar, corrected for dry matter content.

2.8. Statistical analysis

Statistical analysis of the experiment described in Section 2.6 was
done using the R software (R-Core-Team, 2017). The CEC estimates of
the samples shaken for 1 and 7 days with NH4OAc, 1, 3 and 7 days
with 2 M KCl and the three different B:S were subjected to one-way
ANOVA.

Table 1

Overview of the consecutive experiments.

Experiment Type of biochar Objective Description/Treatments

1. Biochar pretreatment Pigeon pea, rice husk,
cacao shell and
corncob

To remove acid-soluble salts and adjust pH pH adjustment to 7 and washing of samples until
EC b 0.2 mS·cm−1

2. Release of exchangeable cations
in NH4OAc (pH 7)

Pigeon pea, rice husk,
cacao shell and
corncob

To know the amount of NH4OAc needed to exchange the
base cations

Four consecutive extractions with 20 ml NH4OAc
in each extraction.

3. Washing of excess NH4OAc with
isopropanol and subsequent NH4

+

extraction with KCl

1st part: Pigeon pea

2nd part: Pigeon pea,
rice husk, cacao shell
and corncob

To know the right amount of isopropanol needed to
remove the excess NH4

+
1st part: 1, 2 and 3 washings with 20 ml
isopropanol each time. Analysis of NH4

+ in KCl
extracts of pigeon pea biochar.
2nd part: analysis of NH4

+ in isopropanol extracts
in the 3rd and 4th washing for all the biochars.

3.1 Biochar to solution ratios and
equilibration time for KCl
extraction

Pigeon pea To assess the diffusion of NH4
+ and K+ in micro-pores and

the effect of three different B:S on the CEC estimates,
based on NH4

+ in KCl extract

B:S: 1:15/1:30/1:45
NH4OAc: 1 and 2 days
KCl: 1, 3 and 7 days

3.2 Extractions of NH4
+ by K+ Pigeon pea, rice husk,

cacao shell and
corncob

To know the amount of KCl needed to fully displace NH4
+ Three consecutive extractions with 20 ml KCl in

each extraction
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3. Results and discussion

3.1. Pretreatment

The ANCpH7 was largest in cacao shell biochar followed by that of pi-
geon pea biochar despite the higher pH of the latter (Table 2). Rice husk
and corncob biochar had a relatively small ANCpH7, although also these
biochars had pH N 8.5. In accordance with this, the cumulative amount
of base cations (expressed in cmol(+)/Kg) removed in three consecutive
washings and the initial EC decreased in the same orderwith cacao shell
biochar N pigeon pea biochar N corncob biochar N rice husk biochar
(Table 2). In the third washing of the pretreatment the removal of
base cations declined to only 7.5 cmol(+) Kg

−1 (cacao shell biochar),
2 cmol(+) Kg

−1 (pigeon pea biochar), 1.3 cmol(+) Kg
−1 (corncob bio-

char), 1 cmol(+) Kg
−1 (rice husk biochar), thus contributing little to

ANCpH7. The cumulative amount of removed cations in the threewash-
ings exceeded ANCpH7 (Table 2) indicating that a considerable propor-
tion of the extracted cations are due to dissolution of salts (47 to 71%,
except pigeon pea biochar for which this was 14%).

3.1.1. Release of exchangeable cations in the NH4OAc (pH 7) extract
On average, 83% of all exchangeable base cations of the biochar sam-

ples were extracted in the first extractionwith 20ml NH4OAc (Table 3).
Both certified soils had very similar patterns as pigeon pea and rice husk
BC, with 88% of the base cations removed in the first extraction. After
four extractions, the sum of exchangeable base cations decreased in
the order cacao shell biochar N pigeon pea biochar N rice husk biochar
N corncob biochar (Table 3). The average sum of exchangeable base cat-
ions of the certified soils was 20.7 and 26.9 cmol(+) Kg

−1 for DC85101a
and DC85113, respectively. The certified values of sum of exchangeable
cations for these soils are 23.4 ± 2.4 and 29 ± 1.4 cmol(+)/Kg, respec-
tively (NCS, 2017).

Among the exchangeable base cations, Ca2+ is themost abundant in
cacao shell and pigeon pea biochars (63 and 53% of the total respec-
tively), followed by Mg2+ (20.8 and 30%) K+ (15.5 and 16.6%) and
Na+ (0.15 and 0.14%) (Fig. 1b). In corncob and rice husk biochars, K+

was the most abundant (48 and 63% respectively), followed by Ca2+

(41 and 27%) Mg2+ (10 and 9.6%) and Na+ (0.2 and 0.9%). This differ-
ence in Ca2+ and K+ saturation is related to the type of feedstock,
with grass-type feedstocks being richer in K+ than the other biochars
used in this study. In both soil samples Ca2+ represented about 70% of

the total exchangeable cations, whereas this was about 24%, 3% and 1%
for Mg2+, K+, and Na+, respectively. As expected at high pH, exchange-
able Fe, Al and Mn in the biochars were small (Table S1).

3.1.2. Cations removed in the pretreatment vs exchangeable cations
The amount of cations removed during the pretreatmentwas higher

than the amount of exchangeable cations for all the biochars (Table S2).
When combining the exchangeable cations and the cations removed in
the pretreatment, the exchangeable fraction accounts for b31% (Fig. 1c.)
with the highest values observed for rice husk biochar (31%), followed
by corncob (22.7%), cacao shell (19%) and pigeon pea (10.4%) biochar.
The proportion of individual base cations relative to total exchangeable
cations differed from that observed in the pretreatment (Fig. 1a. and b.).
In general, K+ is the most abundant base cation removed in the pre-
treatment (N 68%) for all the biochars (Fig. 1a), while Ca2+ was more
important in the exchangeable fraction, particularly for pigeon pea
and cacao shell biochars as indicated above (Fig. 1b). The proportion
of Mg2+ to the total readily soluble cations was 3.9% for corncob, 7.9%
for rice husk, 13.3% for cacao shell and 18.2% for pigeon pea biochar. In
general, Mg2+is more abundant in the exchangeable fraction of cations
than in the readily soluble ones. The contribution of Na+ to the ex-
changeable fractions and the readily soluble cations was minor, being
the highest for rice husk biochar with 1.6% of the exchangeable cations
and 1.4% of the cations removed in the pretreatment.

By pretreating biochar, we washed away the readily soluble cations,
associated with ashes and salts, which otherwise would have dissolved
in NH4OAc (pH 7). The amount of base cations removed in the third
washing of the pretreatment (Table 2) was considerably lower than
CEC-BC (Table 3). This was the reason for setting 0.2 mS cm−1 as EC
threshold in the pretreatment. Previous research (Martinsen et al.,
2015) using a sub sample of the same cacao shell biochar showed that
CEC-BCwithout any pretreatmentwas 197 cmol(+)/Kg, while in our ex-
periment this was 59.1 cmol(+) Kg

−1 with pretreatment. Furthermore,
Graber et al. (2017) found significant differences between CEC-BC and
CEC- NH4

+ for some of the biochars they analyzed. Without pretreat-
ment, they found that for wheat straw biochar made at 550 °C and at
700 °C, the sum of base cations in NH4OAc was 4 and 5 times greater
than CEC-NH4

+. Therefore, when the sum of exchangeable cations is
used to estimate CEC, a pretreatment removing readily soluble salts is
compulsory, to prevent the contribution of soluble components of
ashes, especially for biochars with high EC.

Table 3

Percentage of exchangeable base cations extracted in four consecutive extractionswith 20ml 1MNH4OAc (pH 7) for four types of biochars and two certified soils. CEC values are referred
to raw biochar.

CEC-BC cmol(+) Kg
−1 s.d First (%) s.d Second (%) s.d Third (%) s.d Fourth (%) s.d

Pigeon Pea 6.6 1.6 77.5 0.3 13.6 0.3 5.9 0.2 3.0 0.1
Cacao Shell 59.1 4.2 75.6 2.5 12.2 1.0 8.4 0.7 3.8 0.8
Corncob 6.0 1.8 90.1 1.1 5.2 1.2 3.0 0.2 1.7 0.1
Rice husk 6.2 0.03 87.7 1.4 7.8 1.2 2.9 0.3 1.5 0.1
DC85101a 20.7 0.5 88.5 0.4 7.6 0.2 2.8 0.1 1.2 0.2
DC85113 26.9 0.5 87.6 0.7 8.8 0.7 2.6 0.1 1.1 0.0

Table 2

pH, electrical conductivity (EC), acid neutralizing capacity (ANCpH7) and the accumulated sum of base cations (Ca, Mg, K, Na) removed during the three washings of the pretreatment of
biochar with water and acid. The first washingwas donewith water and acid followed by two consecutive washings with 20ml deionizedwater each time. The values are referred to raw
biochar.

apH s.d bEC
mS cm−1

s.d ANCpH7 cmol(+) Kg
−1 1st

cmol(+) Kg
−1

2nd
cmol(+) Kg

−1
3rd
cmol(+) Kg

−1

c
Δ

cmol(+) Kg
−1

Pigeon Pea 10.4 0.03 1.4 0.02 49 47.2 ± 0.3 7.4 ± 0.2 2.0 ± 0.07 7.6
Cacao Shell 9.6 0.03 8.9 0.18 134 219 ± 5.0 24.5 ± 0.4 7.5 ± 0.4 117
Corncob 8.5 0.04 0.8 0.01 7 15.7 ± 0.4 3.4 ± 0.2 1.3 ± 0.09 13.4
Rice husk 8.7 0.05 0.4 0.01 4 10.1 ± 0.2 2.7 ± 0.3 1.0 ± 0.05 9.8

a Measured in 1:5 deionized water and raw biochar.
b Measured in 1:20 deionized water using raw biochar.
c Difference between accumulated sum of cations removed in the pretreatment and ANCpH7.
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3.2. Washing of excess NH4OAc with isopropanol and subsequent NH4
+ ex-

traction with KCl

The 2 M KCl extractable NH4
+ significantly decreased upon washing

with isopropanol with a reduction of 66% from the first to the third
washing (Fig. S1). The analysis of NH4

+ in isopropanol extracts after

washing three and four times revealed small amounts of excess NH4
+

for all biochars and soils (Table S3).

3.2.1. Biochar to solution ratios and equilibration time for KCl extraction
There were no significant (p= 0.64, Table S4) differences in the CEC

estimates of pigeon pea biochar based on KCl extractable NH4
+, if the

Fig. 1. a) Contribution of individual cations to the total amount readily soluble cations removed in the pretreatment, b) Contribution of individual cations to the total amount of
exchangeable cations. c) Relative contribution of cations removed during the pretreatment and the exchangeable cations.
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biochar had been shakenwithNH4OAc for 1 or 7 days (27.3 (±2.3) cmol

(+) Kg
−1 and 27.0 (±2.4) cmol(+)/Kg, respectively). This indicates that

in there was no diffusion limitation to saturate biochar with NH4
+ de-

spite the presence of micro-pores that could restrict the entrance of
NH4

+ ions. In addition, there was no significant (p= 0.88, Table S4) dif-
ference in CEC estimates of pigeon pea biochar if shaken with 2 M KCl,
for 1, 3 or 7 days. This indicates thatwithin one day there is full displace-
ment of NH4

+. Moreover, there were no significant differences between
the three B:S ratios evaluated (p = 0.54, Table S4). The average CEC
values were 26.6 (±2.2) cmol(+)/Kg, 27.4 (±1.6) cmol(+) Kg

−1 and
27.4 (±3.0) cmol(+) Kg

−1 for 1:15, 1:30 and 1:45 treatments, respec-
tively. In all cases, the B:S ratio was enough to fully saturate the ex-
change sites. To have ample solution volume for chemical analysis of
the extracts, we used 20 ml of 1 M NH4OAc and 2 M KCl.

3.2.2. Extractions of NH4
+ by K+

CEC-NH4
+ decreased in the order cacao shell biochar N rice husk

biochar N pigeon pea biochar N corncob biochar (Table 4). The first ex-
traction with 20 ml 2 M KCl following isopropanol washing removed
93% of the adsorbed NH4

+ for all the biochars (Table 4) and 98.7% for
the certified soils. The certified CEC values for soils are 21.6 ± 1.6 and
31 ± 1 cmol(+) Kg

−1; ((NCS, 2017); note that the certified CEC values
are different than sum of exchangeable base cations) and our results
summing the three consecutive extractions were 23.8 and 34 cmol

(+) Kg
−1 for DC85101a and DC85113. However if we only consider

the value from the first extraction with 2 M KCl, the CEC values fit in
the certified intervals. This indicates that at least one extraction with
20 ml 2 M KCl is enough to have a reasonable estimate of CEC-NH4

+

values of biochar and soil samples.

3.3. Mass loss

On average, the mass loss of the raw biochars during the batch pro-
cedure was 26%, 1.7%, 1.6% and 10% of the raw biochar for cacao shell
biochar, corncob biochar, rice husk biochar and pigeon pea biochar, re-
spectively. The pretreatment data indicate that a significant amount of
Ca,Mg and Kwas lost as salts and also through dissolution of carbonates
and silicates (included in ANCpH7). Based on the removal of Ca, Mg, K
and Na in the pretreatment we estimated a weight loss of 8.6%, 0.7%,
0.5% and 1.8% for cacao shell, corncob, rice husk and pigeon pea bio-
chars, respectively. Presumably the loss is at least twice as much, be-
cause the dissolution of cations is coupled with the dissolution of
anions like chlorides, sulfates, carbonates and silicates. Based on this it
is likely that nearly all mass loss is due to the removal of salts, carbon-
ates and silicates in the pretreatment, whereas the loss of pure biochar
was limited.

During the pretreatment, the supernatant of corncob biochar was
the only with dark color (Fig. S2), however, themass loss of this biochar
was very low. Probably the loss of pure biochar was small, as the ex-
tracts were carefully pipetted instead of decanted and because the
ionic strength of the extracting solutions caused flocculation and set-
tling of the brown colored colloids of the biochar suspensions. In addi-
tion, three additional washings with water were done after the
extraction with 2 M KCl in order to remove the excess of salt and to

estimate the total mass loss. Thus, the total mass loss during the batch
procedure is an overestimation.

3.4. Comparison of CEC-BC and CEC-NH4
+ for biochar

For cacao shell biochar and the two certified soils, CEC-NH4
+ to CEC-

BC ratios were 1.0, 1.1 and 1.2 respectively, indicating reasonable corre-
spondence between both methods (Fig. 2). However, for the other bio-
chars, CEC-NH4

+ was 3.9, 4.1 and 3.2 times greater than CEC-BC (Fig. 2).
A likely explanation is that these biochars are rich in micro-pores (not
analyzed) and isopropanol does not effectively remove excess NH4

+

trapped in the micro-pores, presumably because of size exclusion of
isopropanol molecules. Exclusion of organic molecules from small
pores due to steric effects was reported earlier for wood charcoals
(Zhu et al., 2005). Previous research (Pignatello et al., 2006) described
a molecular sieving effect in which large natural organic compounds
were more restricted to the external sites of environmental black car-
bon and thus, blocking the entrance of N2 to the interior of the
narrowest poreswhen analyzing surface properties.Moreover, previous
research indicated that biomass-based activated carbonwas dominated
by pores in the size range of 3.5–15 Å (Amstaetter et al., 2012). Also
torrefied maize and cotton stalks made at 290 °C had a significant
amount of pores between 4 and 5 Å (Chen et al., 2014). Considering
that the molecular diameter of isopropanol is 5.2 Å (Van der Bruggen
et al., 1999), it is likely that it cannot penetrate the smallest pores,
thus reducing its effectiveness to remove excess NH4OAc. Therefore,
we recommend towash excess NH4OAc in biocharwith solvents having
smaller molecular size than isopropanol, e.g. ethanol or even water. To
our knowledge there is no study of the effectiveness of different sol-
vents to remove excess index cations in CEC methodologies for biochar.
Due to the limitations of using isopropanol as a washing agent, we be-
lieve that CEC-BC after pretreatment of biochar provides a better esti-
mate of its CEC than CEC-NH4

+.
The CEC- BC was 119.6 cmol(+) Kg C−1, 11.6 cmol(+) Kg C−1,

10.8 cmol(+) KgC
−1, and 14.1 cmol(+) KgC

−1 for cacao shell biochar, pi-
geon pea biochar, corncob biochar and rice husk biochar, respectively.
These values are smaller compared to those reported for soil organic
C, (221–330 cmol(+) Kg C−1 (Parfitt et al., 2008); 370–500 cmol

(+) Kg C−1 (Gruba and Mulder, 2015); 540–810 cmol(+) Kg C−1

(Martinsen et al., 2017)) and closer to what other studies have

Table 4

CEC based on displaced NH4
+ (CEC-NH4+) and percentage of NH4

+ extracted in 3 consec-
utive extractions with 2 M KCl. CEC values are referred to raw biochar.

Sample type CEC-NH4
+ cmol(+)/Kg C·V

(%)
First KCl
(%)

Second KCl
(%)

Third KCl
(%)

Pigeon Pea 26,7 8.4 93.5 4.5 2.0
Cacao Shell 59.7 2 93.4 4.2 2.4
Corncob 19.1 4.6 96.3 1.3 2.5
Rice husk 27,3 1.2 89.1 7.7 3.2
Soil-DC85101a 23.8 0.25 99.3 0.4 0.3
Soil-DC85113 34.0 1.3 98.1 1.6 0.3

Fig. 2. CEC-NH4
+ (cmol(+)/Kg) as function of CEC-BC (cmol(+)/Kg;). The line is the 1:1 line.
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published for biochar (75 cmol(+) Kg C
−1, (Silber et al., 2010)). Total or-

ganic carbon of the biochars are given in Table S5.

3.5. Reproducibility

The reproducibility of CEC-BC was good for the biochars of rice husk
and cacao shell, and rice husk biochar, but less so for corncob andpigeon
pea biochars (Table 5). Probably, the CV values for CEC-BC were rela-
tively high, because they are a summation of four cations, each adding
to the uncertainty of the sum. Although, representing an overestima-
tion, due to ineffective washing of excess NH4OAc, the reproducibility
of CEC-NH4

+ was superior and if a more appropriate solvent is found it
is to be preferred over CEC-BC. Even if CEC-NH4

+ estimates with 3 and
4 washings with isopropanol were bulked (Table 5), CV was lower
than 10% for cacao shell, pigeon pea biochar and rice husk biochar,
while this was slightly higher for corncob biochar (14.5%, Table 5). CV
values of CEC-NH4

+ may be decreased further for all the biochars if
only the values from the experiment with four isopropanol washings
are included (Table 4). The experiments with 3 and 4 washings with
isopropanol were combined because there were only three replicates
using 4 washings with isopropanol.

4. Conclusions

The NH4OAc (pH 7) method for CEC determination based on dis-
placement of NH4

+ by KCl was tested for biochar in batch mode and
comparedwith CEC values obtained from the sum of extractable cations
in NH4OAc.

A compulsory pretreatment was shown to be necessary to remove
readily soluble cations from salts, carbonates and silicates and adjust
biochar pH to near neutral. The amount of readily soluble cations re-
moved in the pretreatment was several times greater than the ex-
changeable fraction for all biochars. Skipping the pretreatment causes
a major overestimation of the CEC of biochar. Pretreatment of biochar
also causes major mass losses, due to the removal of salts, carbonates
and silicates. These mass losses have to be quantified in order to be
able to compute the CEC of the initial raw biochar. The most abundant
cation in the readily soluble fraction of the pretreatment of all biochars
was K+. The exchangeable cations (CEC-BC)were dominated by K+ for
rice husk and corncob biochars, whereas this was Ca2+ for pigeon pea
and cacao shell biochars.

This study shows that shaking 1 g of biochar, following pretreat-
ment, with 1 M NH4OAc during 24 h was enough to saturate the ex-
change sites with NH4

+. Additional 1 M NH4OAc was needed to fully
extract the exchangeable cations. There was no additional NH4OAc re-
moved after four consecutive washings with 20 ml isopropanol. How-
ever our results suggest that isopropanol may not penetrate the
smallest pores of some biochars andwe conclude that other liquid com-
pounds are required to fully remove excess NH4OAc. Shaking with 2M
KCl during 24 h fully displaced NH4

+ from the exchange sites. The bio-
char to solution ratios did not affect the CEC estimates.

CEC-NH4
+, although representing an overestimation due to the inef-

ficient removal of excess NH4OAC by isopropanol, was more reproduc-
ible than CEC-BC.

A detailed description of the protocol for the modified method in
batch is presented in the Supplementary data.
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Short Communication

Significant build-up of soil organic carbon under climate-smart
conservation farming in Sub-Saharan Acrisols
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H I G H L I G H T S

• Soil fertility build-up inside vs. outside
planting basins under conservation
farming in SSA

• Absolute increase of 0.05 t C ha−1 yr−1

inside vs. outside 20 cm deep planting
basins

• Relative increase of 2.95 ‰ SOC yr−1

inside vs. outside 20 cm deep planting
basins

• Increase in labile C, pH, CEC and poten-
tial nitrification inside planting basins
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Conservation farming (CF) involving minimum tillage, mulching and crop rotation may offer climate change ad-
aptation and mitigation benefits. However, reported effects of CF, as applied by smallholders, on storage of soil
organic carbon (SOC) and soil fertility in Sub-Saharan Africa differ considerably between studies. This is partly
due to differences in management practice, soil type and adoption level between individual farmers. Where CF
involves planting basins, year-to-year changes in position of basins make SOC stock estimates more uncertain.
Here we assess the difference in SOC build-up and soil quality between inside planting basins (receiving inputs
of lime and fertilizer; basins opened each year) and outside planting basins (no soil disturbance or inputs
other than residues) under hand-hoe tilled CF in an Acrisol atMkushi, Zambia. Seven years of strict CF husbandry
significantly improved soil quality inside planting basins as compared with outside basins. Significant effects
were found for SOC concentration (0.74 ± 0.06% vs. 0.57 ± 0.08%), SOC stock (20.1 ± 2.0 vs. 16.4 ±
2.6 t ha−1, 0–20 cm), soil pH (6.3 ± 0.2 vs. 4.95± 0.4) and cation exchange capacity (3.8 ± 0.7 vs. 1.6 ±
0.4 cmolc kg

−1). As planting basins only occupy 9.3% of the field, the absolute rate of increase in SOC, compared
with outside basins, was 0.05 t C ha−1 yr−1

. This corresponds to an overall relative increase of 2.95‰ SOC yr−1 in
the upper 20 cm of the soil. Also, hot water extractable carbon (HWEC), a proxy for labile organic matter, and

Keywords:
Hand-hoe tillage
Planting basin
Soil fertility
Soil sampling
Phosphorus
CEC

Science of the Total Environment 660 (2019) 97–104

Abbreviations: CF, conservation farming; CA, conservation agriculture; SOC, soil organic carbon; CEC, cation exchange capacity; HWEC, hot water extractable carbon; P, phosphorus; K,
potassium; N, total nitrogen; SOM, soil organic matter; SOC, soil organic carbon; BD, bulk density; NH4-N, ammonium; NO3-N, nitrate.
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potential nitrification rates were consistently greater inside than outside basins. The significant increase in quan-
tity and quality of SOC may be due to increased inputs of roots, due to favorable conditions for plant growth
through input of fertilizer and lime, along with increased rainwater infiltration in the basins.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Soil organicmatter (SOM) is important for soil structure,water hold-
ing capacity and release and retention of plant nutrients that are crucial
for agricultural productivity (FAO, 2017a). Soil organic carbon (SOC) is a
major constituent of SOM and SOC sequestration mitigates climate
change (Lal, 2004a, 2004b), while a decline in SOC may lead to soil
degradation that poses a threat to global climate and food security
(Lal, 2013). Recently, the “4 per mille” initiative (4p1000.org/) was
launched at the COP 21 with an aspiration to increase global SOC stocks
by 4 per thousand per year (0.4%) as a compensation for the global
emissions of greenhouse gases from anthropogenic sources (Minasny
et al., 2017). In a survey of SOC stock and sequestration potential for
20 regions in the world, Minasny et al. (2017) found that a sequestra-
tion rate of 4‰ can be accomplished under best management practices.
Also, Paustian et al. (2016) reported that improved soil management
could make “climate smart soils” in terms of increased C sequestration
and reduced greenhouse gas emissions. However, others such as
Poulton et al. (2018) have highlighted limitations to achieving the 4‰
goal in practical agriculture due to e.g. lack of resources or because prac-
tices are uneconomic or undesirable for food production.

Adoption of sustainable production systems and practices has been
suggested to increase resilience and help mitigate climate change
(FAO, 2017b). Conservation agriculture (CA) comprising the principles
of minimum tillage, residue retention and crop rotation (Mafongoya
et al., 2016; Powlson et al., 2016) may offer climate change adaptation
and mitigation benefits, due to increased SOC storage, soil fertility,
water conservation and productivity (Corbeels et al., 2018; Lal, 2015;
Pisante et al., 2015). However, reported effects of CA on SOC sequestra-
tion and soil quality in Sub-Saharan Africa differ considerably between
studies (Cheesman et al., 2016; Corbeels et al., 2018; Corbeels et al.,
2015; Sommer et al., 2018; Thierfelder andWall, 2012) and the mitiga-
tion potential of CA systems remains unclear (Thierfelder et al., 2017). A
recent review by Corbeels et al. (2018) showed that annual SOC
accumulation rates in response to treatments with all three principles
of CA varied enormously, from −96 to 176‰ yr−1, with half of the ob-
servations reporting relative SOC build-up rates exceeding 34‰ yr−1.
It is believed that climatic and edaphic conditions, combinedwithman-
agement practices such as seeding system, degree of residue retention,
fertilizer addition, weeding and crop rotation, determine whether
CA has positive, negative or no effect on yields and soil fertility
(Gatere et al., 2013; Giller et al., 2009; Nyamangara et al., 2014;
Steward et al., 2018; Thierfelder et al., 2016).

Due to mulching, using crop residue, CF increases the input of or-
ganic carbon in soil, thus enhancing soil structure, water infiltration
and biological activity (Lal et al., 2007; Powlson et al., 2014). In addition,
no-till, due to its minimum soil disturbance, is effective in controlling
soil evaporation, sequestering SOC and minimizing erosion losses
(Lal et al., 2007). According to Powlson et al. (2014) potential disadvan-
tages of no-till include relatively small additions of SOC to the whole
profile (i.e. increases occur largely near the soil surface), more chal-
lenges in weed control (extra hand weeding or reliance on herbicides),
increased BDand in some cases increased nitrous oxide emission.No-till
in combination with residue retention and crop rotation increases crop
yields under rain fed agriculture in dry climates (Pittelkow et al., 2015).
However, no-till alonemay reduce yields (Pittelkow et al., 2015) and in-
appropriatemanagement, such as insufficientweeding and lack of early
planting, constrains yields on CA farms (Gatere et al., 2013). Farmers

may struggle to follow all principles of CA such asmaintaining sufficient
crop residues, due to e.g. burning, removal and grazing that will reduce
carbon inputs to the soil (Cheesman et al., 2016; Chivenge et al., 2007;
Thierfelder et al., 2013; Umar et al., 2011). In addition, CA technologies
(e.g. direct seeding/dibble stick, hand hoe-basin systems and ripping)
and fertilizer application rates vary among individual farmers
(Johansen et al., 2012; Mafongoya et al., 2016; Thierfelder et al., 2015)
resulting in variations in soil disturbance and input of organic carbon
and nutrients to the soil. Together with inherent site/farm heterogenity
(intrinsic soil properties, micro-climate) affecting crop production,
these factors may partly explain the large variation found in the litera-
ture with respect to yield and soil quality effects of CA.

In Zambia, the CA system, with hand-hoe prepared planting basins
and animal-drafted or mechanized rip lines (Johansen et al., 2012), has
been promoted by the Conservation Farming Unit (CFU). CFU uses the
term conservation farming (CF) for conservation tillage (i.e. minimum
tillage (MT), using planting basins or ripping), retention of crop residues
and the incorporation of legumes in crop rotation (CFU, 2011; Gatere
et al., 2013). Recently, Sommer et al. (2018) reported reduced losses of
SOC (0–15 cm) but no net carbon sequestration under CA in two long
term (12 years) trials in Western Kenya. A large number of on-farm
sites in Zambia (Martinsen et al., 2017) and Zimbabwe (Nyamangara
et al., 2013) indicate small effects of CF on soil C stocks. Comparisons of
soils under CA (up to 9 years) and adjacent conventional fields from
450 farms in 15 districts in Zimbabwe revealed generally low SOC con-
tents (b1%) without clear difference between the two management
practices (Nyamangara et al., 2013). Results from 40 on-farm sites in
Zambia showed small differences in soil quality parameters between
CF and conventional practices at smallholder farms after maximum
12 years since CF adoption (Martinsen et al., 2017). In both studies,
there were only small differences in amount of SOC, total phosphorus
and pH when comparing inside and outside CF planting basins.
Martinsen et al. (2017) attributed this to a gradual year-to-year shift in
position of the basins and large variability between study sites.

Here, we assess the effect of seven years of hand-hoe tilled CF on soil
quality and build-up of SOC by comparing soil from inside vs. outside
planting basins under controlled conditions in Acrisols, Mkushi, Zambia.
Considerable attention was given to keep basins in the same position
and fertilizer and lime were added to basins only. Planting basins are
hypothesized to increase SOC content, due to the high root density and
increased biomass production, associated with elevated soil moisture,
as basins favor the accumulation of runoff from the surrounding outside
basin areas.

2. Material and methods

2.1. Study design and sampling

The study was conducted on a private farm (Mt Isabel) in Mkushi
(S13°45′25.7″ E29°03′55.5″), central Zambia. The average annual rain-
fall and temperature were 1220 mm and 20.8 °C, respectively. The soil
type was sandy loam Acrisol (Obia et al., 2016). Land use prior to soil
sampling in 2015 included seven years of strict conservation farming
(CF) husbandry. Before application of CF, land usewas conventional, in-
cluding continuousmaize croppingwithminimal inputs of fertilizer and
lime and poor weed control. Conversion to CF in 2008 included dry sea-
son (May–August) preparation of permanent planting basins usinghoes
(min tillage), two year crop rotation (maize-ground nuts) and residue
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retention (mulchingwithout chopping, i.e. leaving plant residues on the
soil surface in between planting rows). The CF practice included prepa-
ration of rows of permanent basins (Fig. 1, Fig. S1) with a spacing of
90 cm between rows and 80 cm between basins within rows
(~13,890 basins ha−1). Each basin has an area of ~0.07m2 and a volume
of ~13.4 L (20 cm depth, 40 cm length, 16.7 cm width). Herbicides
(Glyphosate, Atrazine/Cyanazine mix and Gramoxone) and hand
weeding were used for weed control. For maize, fertilizer “Compound
D” (N, P2O5, K2O, 10:20:10)was applied at a rate of 200kgha−1 yr−1 be-
fore planting and urea (46:0:0) applied as top dressing at a rate of
100 kg ha−1 yr−1 about four to five weeks as well as eight weeks after
planting (i.e. a total of 200 kg ha−1 yr−1). Legumes used in rotation
received no fertilizer; so, the site was fertilized every second year, i.e.
four times in the period 2008–2015. The total amount of NPK on ele-
mental basis corresponded to an application of 112 kg N ha−1 yr−1,
about 17.5 kg P ha−1 yr−1 and about 16.5 kg K ha−1 yr−1 during the
four years when fertilizer was applied. A total amount of 2.8 t ha−1

(i.e. ~11 g kg soil−1 inside CF basin) of Dolomitic lime (CaMg(CO3)2)
was added to the basins in years with maize (2008, 2010, 2012
and 2014).

Soil samplingwas conducted in October 2015 and inMay2016. After
sampling, the soil was air dried prior to transport and analyzed. In
October 2015 soil sampling was conducted at three selected plots
(each ~24 m2) in each of four blocks (each block ~250 m2, Fig. 1a).
Each plot consisted of four rows of six permanent planting basins
(i.e. 24 basins per plot, Fig. 1b). At each of the 12 plots, five soil samples
(0–20 cm) were collected in planting basins and three soil samples
were collected between basin rows (i.e. outside basins) using a hand
hoe. The five and three samples, respectively, were bulked prior to
chemical analysis (n = 12 for both CF basins and outside CF basins,
i.e. a total of 24 samples) to make a composite sample per plot. When
sampling, we focused on the top 20 cm of the soil, which was the

basin depth. In an earlier study we showed that maize roots tended
not to go deeper than the basin, with 95% of maize roots occurring in
the top 25 cm of the soil (Abiven et al., 2015). Undisturbed soil samples
were collected at 2–7 cm soil depth using 100 cm3 steel rings in two
plots per block in basins and between rows to determine plant available
water and bulk density (BD). One sample from between rows in block 1
was lost in transport, so the average of CF basins in block 1 was used to
allow for a paired comparison per block (n = 7 for both CF basins and
between basin rows).

InMay 2016 at harvest, four soil samples at two plots per blockwere
collected inside basins and between rows at 0–3, 3–8, 8–13 and
13–20 cmsoil depth, using a cylindrical soil auger. Hotwater extractable
carbon (HWEC) was determined on all samples and potential N-
mineralization rate was determined on samples bulked at 0–8 cm and
8–20 cm soil depth. In order to report the results for the same depth in-
tervals, values for HWECwere bulked at the same depth intervals based
on depth-weighted average for 0–3 and 3–8 cm and 8–13 and
13–20 cm, respectively. Thus, the total amount of samples at both of
the depths 0–8 and 8–20 was n= 4 for both CF basins and for between
rows of CF basins (i.e. a total number of 16 samples).

2.2. Soil analysis and statistics

A detailed description of the methods can be found in Appendix A
(Supplementary data). Briefly, bulk density (BD), volume percentage
water at field capacity (pF 2) and at wilting point (pF 4.2), as well as
total porosity were determined using undisturbed soil cores of
100 cm3 according to Obia et al. (2016). The amount of plant available
water was calculated as the difference between volume percentage
water at field capacity and at wilting point. Prior to all other analyses,
soil samples were air-dried and sieved at 2 mm. Soil texture was deter-
mined using the Pipette method (Elonen, 1971). In the pipette method,

Fig. 1. A) Experimental setup,Mkushi, Zambia. The samplingwas conducted at 4–5 plots (each ~24m2) in four blocks (each ~4mwidth and 61m length i.e. ~250m2). Plots used for chem-
ical analysis and BD are highlighted with a dashed border (three plots in each block sampled October 2015) and plots used for determining hot water extractable C and potential N min-
eralization are highlighted dark gray (two plots per block sampled May 2016). B) Plot (24 m2, 24 planting basins) used for soil sampling. C) Management.
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soil texture classes (clay, silt, sand) are estimated in terms of size and
distribution of primary particles by sieve and sedimentation analysis.
Soil pH was determined in 0.01 M CaCl2 using a soil to solution ratio
of 1:2.5 with a digital pHmeter. Subsamples of the air-dried and sieved
samples were dried at 60 °C to determine dry matter content and then
milled prior to determination of organic carbon (C) and total nitrogen
(N). Total soil carbon was determined by dry combustion (EC12, C de-
terminator, Leco Corporation) (Nelson and Sommers, 1982). Since soil
pH was below 6.5, total C was used as a measure of soil organic carbon
(SOC). Total Nwas determined on untreated soil samples by the Dumas
method (TruSpec, CHN analyzer, Leco Corporation; Bremmer and
Mulvaney, 1982). Carbon andN stockswere calculated based on volume
of soil by multiplying depth of sampling, BD and elemental concentra-
tion. Mean values of BD for basins and between rows, respectively,
were used per block to calculate C stocks. In addition, C stocks were cal-
culated based on an equivalent mass of soil since equal depth sampling
may overestimate C stocks in treatments with greater BD (Ellert and
Bettany, 1995; Wendt and Hauser, 2013).

Exchangeable base cations (Ca2+,Mg2+, Na+, K+) and exchangeable
Al3+were determined in 1M ammoniumnitrate extracts (NH4NO3, un-
buffered). Exchangeable acidity was determined by back-titration with
0.05M sodiumhydroxide to pH7. The sumof exchangeable base cations
and exchangeable acidity was assumed to equal the effective cation

exchange capacity (CEC) according to Schollenberger and Simon
(1945). Total, inorganic and organic P was determined according to
Møberg et al. (1990). Acid oxalate extractable Fe, Al and P were deter-
mined according to van Reeuwijk (1995).

Potential nitrogenmineralization rateswere determined in an incuba-
tion experiment (60 days, 20 °C) using air dried and sieved soil samples
with an adjusted water content of ~31 vol% (modified after Martinsen
et al. (2017); see Appendix). Rates of net ammonification and net nitrifi-
cation were determined by subtracting initial (day 0) KCl-extractable soil
NH4-N and NO3-N from final amounts (after 60 days) of extracted NH4-N
and NO3-N, respectively. Extractable NH4-N and NO3-N were analyzed
using aflow injection analyzer (FIA Star 5010). Hotwater extraction of or-
ganic C was done to determine the labile fraction of SOM according to
Ghani et al. (2003). Briefly, 30mLof distilledwaterwas added to polypro-
pylene tubes with 5 g of soil. The suspensions were gently shaken in a
vortex shaker prior to extraction of dissolved organic carbon in a
temperature-controlled hot water bath (80 °C during 16 h). Dissolved or-
ganic carbon was measured after filtration of the extract (0.45 μm), using
a total organic carbon analyzer (TOC-V CPN, Shimadzu).

Comparison of mean soil parameters for basins and between rows
was done using two-sided paired t-tests. Difference between means and
95% confidence intervals of the estimated differences are shown in
Figs. 2 and 3 and in Table 1. To assess propagation of error (Ku, 1966),

Fig. 2.Mean (± sd) soil properties (0–20 cm) of CF basins (inside) and in between rows of CF basins (outside),Mkushi, Zambia. Difference betweenmeans and 95% confidence intervals of
the estimated differences are shown. N= 12 for both CF basins and between rows of CF basins except for bulk density (BD, n = 7). “ns”; p N 0.05, “*”;p b 0.05, “**”;p b 0.01 and “***”;p b

0.001 based on two-sided paired t-tests. BD is bulk density, CEC is cation exchange capacity, SOC is soil organic carbon, Org. P and Inorg. P are organic and inorganic P, respectively. PSD is P
saturation degree (see Appendix for calculation). The equivalent mass of soil is 265 kg soil (BD 1.33 g cm−3, depth 20 cm at CF basin in block four).
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for normalized values (i.e. CEC per g of SOC, HWEC inmg g SOC−1 and net
rates of NO3-N and NH4-N in μg g SOC−1 day−1), standard deviation (sd)

was calculated assd ¼ jRj �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsdX=XÞ2 þ ðsdY=YÞ2

q
. Here R is the normal-

ized mean, sdX is standard deviation of SOC, X is mean of SOC, and sdY
and Y and is standard deviation and mean of HWEC or net rates of NO3-
N and NH4-N, respectively. Linear regression was used to assess the rela-
tionship between CEC, SOC andpH, and between net nitrification rate and
HWEC. The statistical software package “R” version 3.4.4 (R-Core-Team,
2018) was used for all statistical analysis.

3. Results and discussion

3.1. Soil organic carbon

Seven years of strict CF husbandry including all three elements of CF
and basins in fixed positions resulted in significant differences in prop-
erties of soil inside and outside planting basins (Table 1, Fig. 2). Concen-
trations of SOC were significantly greater inside than outside basins
(0.74 ± 0.06% vs. 0.57 ± 0.08%, respectively). Although bulk density
did not differ significantly (1.36 ± 0.04 g cm−3 vs. 1.42 ± 0.08 g cm−3

inside and outside basins, respectively), SOC stocks were significantly
greater inside basins (2.01 ± 0.20 vs. 1.64 ± 0.26 kg m−2). Also, if

based on the equivalent mass of soil, the SOC stock was significantly
greater inside than outside basin (Table 1).

After seven years of CF the SOC stockwas 0.365 kgm−2 greater inside
than outside basins (Fig. 2). This corresponds to an increase of
0.522 t C ha−1 yr−1, assuming unchanged SOC stocks outside basins
since adoption of CF. Based on the pool of SOC outside basins
(16.4 t C ha−1, Fig. 2) the relative increase in SOC in basins (viz. the
upper 20 cm of the soil) was 31.8‰ per year. Since the fraction of the
field occupied by basins per ha at the experimental farm was ~9.3%, the
corrected absolute change in organic C-stock of the field was 3.65 ∗

0.093= 0.34 t C ha−1 after seven years. This corresponds to an absolute
annual increase of 0.05 t C ha−1 yr−1 or a relative increase of 2.95‰ per
year, which is smaller than aimed for in the four per mille initiative
4p1000.org/;(Minasny et al., 2017). Note that this increase is limited to
the upper 20 cm of the soil and that the total increase in SOC stocks
may have been a bit higher. Previously, smaller differences in SOC be-
tween inside and outside planting basins were reported (Martinsen
et al., 2017; Nyamangara et al., 2013). As discussed by Martinsen et al.
(2017) the small differences between inside and outside basins may in
part be due to large variability between study sites and year to year
movement of basins. Yet, in the present study,with fixed basins and con-
trolled conditions, the differences were significant. Clearly, SOC inside
planting basins is affected by maize plants, in particular maize roots,

Fig. 3.Mean (± sd) hot water extractable carbon (HWEC, mg kg soil−1 andmg g SOC−1) and net rates of NO3-N and NH4-N production (μg kg soil−1 day−1 and μg g SOC−1 day−1) during
60 days of incubation of soils (0–8 cm and 8–20 cm) from inside CF basins and in rows between CF basins (outside), Mkushi, Zambia. Difference between means and 95% confidence in-
tervals of the estimated differences are shown.N=4 for both CF basins and between rows of CF basins at eachof the depths (total n=16). Positive andnegative rates of NO3-N andNH4-N
indicate a netmobilization and net immobilization of N, respectively. “ns”; p N 0.05, “*”; p b 0.05, “**”; p b 0.01 and “***”; p b 0.001 based on two-sided paired t-tests betweenCF basins and
between rows of CF basins for each soil depth separately.
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and the micro-topography that favors the accumulation of runoff water
(Obia et al., unpublished). The significant net increase of SOC inside ba-
sins compared with outside basins thus indicates that these factors are
more important than the input of crop residues, which were primarily
added in between rows.

3.2. Hot water extractable carbon and potential N mineralization

The amount of hot water extractable carbon (HWEC), a measure of
labile SOC that correlates with microbial biomass in soils with low con-
tent of SOC (Sparling et al., 1998; Wang and Wang, 2011), was consis-
tently greater inside than outside basins (Fig. 3). The use of HWEC is a
sensitive method to determine effects of changes in soil management
on soil carbon (Ghani et al., 2003). Greater amounts of HWEC inside
than outside basins indicate a greater pool of labile SOC inside basins
that may be lost easily, due to decomposition and reduced C inputs
(Chivenge et al., 2007; Six et al., 2002). The fraction of HWEC of SOC
was 6.4 ± 0.7% and 5.2 ± 0.82% inside and outside basins, respectively,
at 0–8 cm soil depth and 4.2 ± 0.9% and 2.7 ± 0.4% inside and outside
basins, respectively, at 8–20 cm soil depth (Fig. 3). The differences
of HWEC as a fraction of SOC between inside and outside basins
were only statistically significant at 8–20 cm soil depth (p = 0.045).
The HWEC fraction of SOC in the upper 8 cm of the Mkushi soil was at
the high end of values found in a review by von Lützow et al. (2007),
who reported the fraction of HWEC to vary between 1% and 5% of
total SOC.

Rates of nitrification followed the same pattern as that of HWEC,
with greater nitrification rates inside than outside basins (Fig. 3).
However, the difference was only significant at 8–20 cm soil depth
(235 ± 38 vs 133 ± 18 μg NO3-N kg soil−1 day−1). Ammonium was
immobilized throughout the incubation period at both soil depths
(Fig. 3). Net potential nitrification rates were significantly correlated
with HWEC (1.04 μg increase in NO3-N d−1 per mg of HWEC, R2 = 96,
p b 0.001). Previously, Ghani et al. (2003) found a significant correlation
between mineralizable N and HWEC in allophanic soils from New
Zealand. Curtin et al. (2017) also reported a significant correlation
between HWEC and mineralizable N in soil samples from 130 sites
representing major agricultural regions of New Zealand.

3.3. Soil acidity

Soil pH was significantly higher inside basins than outside basins
(6.30 ± 0.15 vs. 4.95± 0.37; p b 0.05). Marginally higher soil pH inside
planting basins compared with outside basins was reported previously
by Nyamangara et al. (2013) for smallholder farms in Zimbabwe. In the
present study a total amount of 2.8 t ha−1 of dolomitic lime was
added to the basins in years with maize, corresponding to ~11 g kg
soil−1 (i.e. an alkalinity of ~240 mmolc kg soil−1). This is well in excess
of the amountof exchangeable acidity outside thebasins (1.6mmolc kg

−1,
Table 1) and shows that the rate of liming was enough to eliminate
soil acidity inside the planting basins in addition to neutralizing the
annual acid input, due to carbonic acid and cation uptake by plants
(van Breemen et al., 1984).

3.4. Cation exchange capacity

The cation exchange capacity (CEC) was significantly greater inside
(3.76± 0.73 cmolc kg

−1) than outside (1.62± 0.41 cmolc kg
−1) basins.

Normalizing CEC per g of SOC also revealed significantly greater CEC
inside (0.51 ± 0.11 cmolc g SOC−1) than outside (0.29 ±
0.08 cmolc g SOC−1) basins. The larger CEC inside basins is due to
greater amounts of SOC, in addition to a higher pH (6.30 ± 0.15 vs.
4.95 ± 0.37), which causes an increase in the number of binding sites
per g SOC (Gruba andMulder, 2015). Therewas a significant linear rela-
tionship between CEC and amount of SOC (0.87 ± 0.20 and 0.26 ±
0.17 cmolc increase in CEC per g of SOC for inside and outside basins, re-
spectively, R2 = 0.89, p b 0.001) with a significantly (p= 0.03) greater
slope (i.e. stronger increase in CEC per unit increase in SOC) inside than
outside basins. The importance of soil organic matter controlling CEC in
this sandy loam is similar to previously reported values (Martinsen et al.
(2017) from different sites in the eastern and central provinces of
Zambia (0.54–0.81 cmolc increase in CEC per g of SOC).

3.5. Phosphorus, potassium and nitrogen

The amount of total (Table 1), organic and inorganic P (Fig. 2) did not
differ significantly between inside and outside basins. However, the P

Table 1

Mean (± sd) soil properties (0–20 cm) of CF basins (inside) and in between rows of CF basins (outside basins), Mkushi, Zambia after 7 years of CF. Difference between means and 95%
confidence intervals of the estimated differences are shown.

Basin Between Diff. 95% CI

Mean sd Mean sd

Clay/% 9.23 (±0.85) 9.48 (±1.04) ns −0.25 (−1.04, 0.54)
Silt/% 21.45 (±3.11) 22.00 (±3.39) ns −0.55 (−3.33, 2.23)
Sand/% 69.34 (±2.73) 68.53 (±2.93) ns 0.81 (−1.40, 3.02)
Total porositya/% 51.42 (±1.32) 51.30 (±0.75) ns 0.11 (−0.98, 1.21)
FC (pF 2)a/Vol% 21.91 (±1.53) 22.18 (±1.68) ns −0.27 (−1.81, 1.27)
WP (pF 4.2)a/Vol% 5.40 (±0.54) 5.10 (±0.58) ns 0.30 (−0.16, 0.76)
PAWa/Vol% 16.51 (±1.36) 17.08 (±1.55) ns −0.57 (−1.93, 0.79)
Tot.N/% 0.03 (±0.01) 0.02 (±0.01) ns 0.01 (−0.002, 0.02)
Tot.N-stock (0–20 cm)/kg m−2 0.08 (±0.04) 0.05 (±0.03) ns 0.02 (−0.01, 0.06)
Ca/cmolc kg

−1 2.49 (±0.56) 0.86 (±0.35) *** 1.63 (1.26, 2.01)
Mg/cmolc kg

−1 1.03 (±0.18) 0.34 (±0.12) *** 0.69 (0.54, 0.83)
K/cmolc kg

−1 0.19 (±0.03) 0.19 (±0.05) ns −0.01 (−0.04, 0.02)
Na/cmolc kg

−1 0.05 (±0.07) 0.07 (±0.09) ns −0.02 (−0.06, 0.03)
H/cmolc kg

−1 0.00 (±0.00) 0.16 (±0.34) ns −0.16 (−0.37, 0.06)
Base saturation/% 100.00 (±0.00) 90.75 (±18.14) ns 9.25 (−2.28, 20.78)
Total P/mg kg−1 243.98 (±31.67) 230.86 (±29.25) ns 13.13 (−4.12, 30.37)
Al (Ox)/mmol kg−1 15.72 (±3.51) 17.95 (±4.83) *** −2.23 (−3.31, −1.14)
Fe (Ox)/mmol kg−1 6.94 (±0.96) 7.19 (±1.17) ns −0.25 (−0.58, 0.07)
P (Ox)/mmol kg−1 3.06 (±0.81) 2.94 (±0.71) ns 0.11 (−0.16, 0.39)
PSC/mmol kg−1 11.33 (±2.14) 12.57 (±2.95) ** −1.24 (−1.92, −0.56)

a N = 12 for both CF basins and between CF basins except for total porosity, volume % water at field capacity (FC) and wilting point (WP) and amount of plant available water (PAW)
where n=7 for each. Fe (Ox), Al (Ox) and P (Ox) is oxalate extractable Fe, Al and P, respectively. PSC is phosphorus sorption capacity calculated according to Breeuwsma and Silva (1992),
see Appendix. CEC is cation exchange capacity (unbuffered, sum of base cations and acidity). CN ratio was not calculated because Tot. N b 0.05%. “ns”; p N 0.05, “*”; p b 0.05, “**”; p b 0.01
and “***”; p b 0.001 based on two-sided paired t-tests.
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saturation degree (%PSD, Fig. 2)was significantly greater inside than out-
side basins mainly because of a greater P sorption capacity (due to more
Al oxides and lower pH) outside basins (Table 1). This indicates a slightly
higher availability of P inside as compared to outside basins. The amount
of total N was low and often below detection limit (0.05% N). Low N sta-
tus of agricultural soils is common in Sub-Saharan Africa (Martinsen
et al., 2017; Mloza-Banda et al., 2016). Exchangeable potassium (K+)
was ~0.19 cmolc kg

−1 both inside and outside the basins (Table 1). The
non-significant differences in N, P and K between outside and inside
the planting basins suggest that the amount of fertilizer added in years
with maize (i.e. 8.1 g basin−1, 1.3 g basin−1 and 1.2 g basin−1 of N, P
and K, respectively) is about the same as the sum of the amount lost, in-
cluding leaching (mostly N and K) and removal in biomass at harvest.
Yields under CF for the season 2015–2016 (sampled May 2016) were
5.2 (±0.84 SD) t ha−1 and 4.6 (±0.44 SD) t ha−1 for maize grain and
maize stover (stems and leaves), respectively. Assuming average grain
yields of 5.2 t ha−1 and assuming that all stover (4.6 t ha−1) is used as
residue (i.e. returned to the soil between basins), the amount of NPK re-
moved from basins in years with maize corresponded to ~5.7 g basin−1,
1.1 g basin−1 and 1.2 g basin−1 of N, P and K, respectively (Table S1.).
These numbers are close to those for annual inputs, when also taking
into account some loss of N through leaching and gaseous emissions
(McNeill and Unkovich, 2007).

3.6. Soil physical properties

The fraction of clay, silt and sand were similar inside and outside
planting basins (Table 1). In addition, soil physical properties including
texture, BD, soil porosity, percentage water at field capacity and wilting
point as well as the amount of plant available water were similar to
values reported in previous studies from the same area (Obia et al.,
2017; Obia et al., 2016) and did not differ between inside and outside
basins (Table 1, Fig. 2). The lack of significant differences in BD may
have been due to i) soil heterogeneity such that the difference was ren-
dered insignificant, ii) smaller differences in BD than expected, because
increased termite activity undermulch in between the rows (Mutsamba
et al., 2016) or iii) limited compaction outside basins in the oxide-rich
Acrisols. The observed lack of effect on water retention characteristics
is contrary towhatwould be expected of soil with increased soil organic
matter (Obia et al., 2016). Despite being significant, the increase in SOC
(from 0.57 to 0.74%) apparently has been too small to cause an increase
in porosity, water content at field capacity and wilting point.

4. Conclusion

Seven years of CF, following recommended guidelines, using the
same basin location each year, significantly increased storage of SOC
inside planting basins. The increase in SOC was most likely caused by
increased inputs of roots, due to favorable conditions for plant growth
through increased water availability and input of fertilizer and lime. In
addition, biogeochemical properties such as pH, CEC, HWEC and poten-
tial nitrification rateswere significantly enhanced inside planting basins
after seven years of strict CF husbandry. Our study highlights the impor-
tant role of basins in build-up of SOC and underscores the importance of
appropriate soil sampling schemes to account for the spatial variability
between inside and outside basins when studying effects of CF vs.
other management practices.
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