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Pinewood and barley straw biochar amendments toKettering andCameroon sandy silt loam soils (15, 30, or 150mg biochar g−1 soil)
caused significant reductions (up to 80%, 𝑃 < 0.05) in concentrations of substrate and extractable product in soil dehydrogenase
and phosphomonoesterase enzyme assays. Likely this was caused by increased solid-phase sorption of the chemicals in the presence
of the biochars under assay conditions. The relationship between assay chemical sorption and biochar concentration depended on
the chemical, soil type, biochar type, and their interactions; hence, no uniform correction factor could be derived. This biochar
impact on assay constituents will limit the identification of genuine biochar effects on soil enzymes. It is recommended that the
assumption of saturating substrate concentrations be checked and that product standards be matrix-matched when conducting
enzyme assays with biochar-amended soil.

1. Introduction

Soil extracellular and intracellular enzymes are the catalysts
of organic matter decomposition. Understanding the effect
of biochar on the activity of these key enzymes has been
identified as a research priority [1]. Soil enzyme activity is
typically quantified using assays of the potential activity,
where artificial substrates are added at saturating concentra-
tions and undergo enzyme-catalysed transformation to form
coloured or fluorescent products [2]. As biochars have been
shown to possess a high sorptive affinity for organic chem-
icals (e.g., [3]), this raises the question of whether biochar
might sorb both (i) the organic chemicals added as artificial
substrates and (ii) the products in soil enzyme assays. Some
studies have considered this possibility [4–6] but the effect of
biochar on the behaviour of both the products and substrates
used in enzyme assays has not yet been systematically or
explicitly quantified under assay conditions.This information
is needed if the effects of biochar on soil function are to
be correctly identified. Therefore, we examined the effect of
biochar addition to soil on (a) the concentration of assay
substrate under assay conditions and (b) the extractability

of assay product for two enzyme assays that are commonly
used to characterize soil quality: the p-nitrophenyl phosphate
(pNPP)-based phosphatase assay [7] and the iodonitrotetra-
zolium chloride (INT)-based dehydrogenase assay [8, 9].

2. Materials and Methods

2.1. Soil and Biochar. Experiments were conducted using two
soil types (Kettering sandy silt loam (total C = 1.8%, pH 7.3)
and Cameroon sandy silt loam (total C = 1.3%, pH 5.4))
and biochar made from two feedstocks (pine wood shavings
and barley straw; Figure 1). The biochars were produced by
heating (500∘C, 1 hour) the respective feedstocks in a muffle
furnace in a sealed metal container (volume = 325mL) with
a 2mm diameter vent hole. Both biochars were then passed
through a 1mm sieve prior to use. The biochars had the
following properties: pine wood shavings—total C = 81%,
BET surface area 7.54 ± 1.1m2 g−1; barley straw—total C =
67%; BET surface area not detectable.

Biochar concentration treatments were established by
mixing soil (<2mm) with biochar (<1mm) on an individual
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Figure 1: Environmental scanning electron microscope (FEI Quanta FEG 600) images of (a)-(b) barley straw biochar and, (c)-(d) pine wood
shaving biochar. Images are 3000x magnification and were obtained at 12.5 kV and low vacuum (0.50 and 0.60 Torr for straw and pine wood
biochars, resp.).

Table 1: Effect of biochar concentration and biochar feedstock on soil pHwater and cation exchange capacity (CEC; cmol Kg−1 soil) of Kettering
and Cameroon soils. Data are mean ± SEM (𝑛 = 3) and 𝑃 values are derived from one-way ANOVA with biochar concentration as the factor.
Mean values within each soil and biochar type combination sharing the same letter are not significantly different (𝑃 > 0.05).

Biochar conc. (mg g−1) pH CEC
Kettering soil Cameroon soil Kettering soil Cameroon soil

Pine wood biochar
0 7.3 ± 0.2 5.4 ± 0.1 14.9 ± 0.3 8.4 ± 0.2b

15 7.5 ± 0.1 5.4 ± 0.1 14.9 ± 0.8 9.3 ± 0.3ab

30 7.4 ± 0.2 5.5 ± 0.1 14.5 ± 0.2 8.7 ± 0.7b

150 7.5 ± 0.3 5.4 ± 0.1 15.4 ± 0.6 10.1 ± 0.6a

𝑃 value 0.54 0.56 0.25 0.015
Straw biochar

0 7.3 ± 0.2c 5.4 ± 0.1d 14.9 ± 0.3b 8.4 ± 0.2c

15 8.4 ± 0.2b 6.6 ± 0.2c 15.6 ± 0.3ab 8.1 ± 0.8c

30 8.5 ± 0.5b 7.4 ± 0.3b 16.1 ± 0.7a 9.6 ± 0.4b

150 9.6 ± 0.1a 8.5 ± 0.4a 14.8 ± 0.5b 11.7 ± 0.3a

𝑃 value <0.001 <0.001 0.02 <0.001

sample basis to produce a concentration range of 0, 15, 30, or
150mg dry biochar g−1 dry soil. The resulting pH and cation
exchange capacities of the soil-biochar mixtures are given in
Table 1.

2.2. Biochar Effects on Concentrations of Assay Substrates and
Products. The effects of biochar feedstock and concentration
on assay substrates (pNPP and INT) and respective products

(p-nitrophenol (pNP) and iodonitrotetrazolium formazan
(INTF)) were determined by performing substrate incu-
bations and product extractions based on published assay
protocols [7, 8].

Specifically, to determine the effect of biochar addition
on the concentration of the phosphatase assay substrate
(pNPP), samples (1 g dry weight) from each biochar type and
concentration treatment (𝑛 = 4), suspended in modified
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Table 2: Statistical evaluation of the effects of soil type, biochar concentration, and biochar feedstock and their interactions on the aqueous-
phase concentration or extractability of enzyme assay substrates and products, respectively, used in soil dehydrogenase and phosphatase
assays. The ANOVA was conducted using general linear model (Minitab 16) with ranked data (𝑛 = 4).

Source

Phosphatase Dehydrogenase
Substrate
p-nitrophenyl phosphate

Product
p-nitrophenol

Substrate
Iodonitrotetrazolium
chloride

Product
Iodonitro-tetrazolium
formazan

DF 𝑃 value
Soil type (Kettering
loam; Cameroon Oxisol) 1 <0.001 <0.001 <0.001 0.088

Biochar feedstock
(straw; pinewood
shavings)

1 0.002 0.016 0.024 <0.001

Biochar concentration
(0, 15, 30, 150mg g−1) 3 <0.001 <0.001 <0.001 <0.001

Soil ∗ feedstock ∗ conc 3 0.339 0.037 0.261 0.003
Soil ∗ feedstock 1 0.115 0.002 0.004 <0.001
Soil ∗ conc. 3 0.014 0.474 0.013 0.013
Feedstock ∗ conc. 3 0.270 0.331 0.003 <0.001
Error 48
Total 63

universal buffer (MUB, 4mL) and toluene (0.25mL), were
amended with pNPP solution (1mL, 23mM) and incubated
(37∘C, 1 h). After incubation, soil was removed by centrifu-
gation (13,000×g; 5min) and the pNPP concentration in
the supernatant was determined using a spectrophotometer
(400 nm) after conversion to p-nitrophenol using a com-
mercial phosphatase (see Supplementary Material available
online at http://dx.doi.org/10.1155/2013/968682). To deter-
mine the effect of biochar on the dehydrogenase assay
substrate (INT), soil samples (1 g) were amended with INT
solution (4mL, 20mg mL−1) and incubated (26∘C, 24 h)
before centrifugation and determination of INT concentra-
tion in the supernatant by spectrophotometry at 248 nm.
Blanks receiving d ⋅ H

2

O instead of substrate solution were
included for both pNPP and INT tests and all soil samples
for substrate tests were autoclaved (20min, 121∘C on three
consecutive days) to eliminate loss of substrate during the
incubation due to enzymatic conversion.

To quantify the effect of biochar on the extractability of
enzyme assay products (pNP and INTF), samples (1 g) were
amended with either 4mL of MUB and 0.25mL toluene
(pNP test) or 4mL d ⋅H

2

O (INTF test) and subsequently spi-
ked with a solution of either pNP (1mL, 10 𝜇gmL−1 in MUB)
or INTF (0.28mL, 500𝜇gmL−1 in N,N-dimethylformamide)
one hour prior to extraction. pNP tests were extracted with
CaCl
2

(1mL, 0.5M) and NaOH (4mL, 0.5M) whereas
the extractant for INTF tests was N,N-dimethylforma-
mide : ethanol (1 : 1, v/v, 10mL). The concentration of extra-
cted product was determined spectrophotometrically at
400 nm or 464 nm for pNP and INTF, respectively.

3. Results and Discussion

Biochar concentration had a significant effect on concentra-
tions of assay substrates and products in both soils (Table 2),

with decreased substrates and products in biochar-amended
soil when compared to the nonbiochar-amended (0mg g−1)
control (Figure 2). This suggests that biochar amendment
increased the solid-phase sorption of the assay chemicals
either by acting as a sorbent itself or altering the strength
of sorbate interactions with native soil components (e.g.,
organic material and clay minerals) through indirect effects
on soil chemistry (predominantly modifying soil pH). We
believe the former to be the most likely explanation for
the behaviour of pNP and pNPP given the buffered assay
conditions (pH 6.5) and the strong alkaline extraction (0.5M
NaOH) which would have negated biochar-pH effects. How-
ever, in the nonbuffered dehydrogenase assay, the differential
effect of straw versus pine wood biochars on the pH of both
soils (Table 1)may have additionally influenced the behaviour
of the dehydrogenase substrate (INT) in biochar-amended
soil.

The relationship between substrate/product concentra-
tion and biochar concentration varied with respect to soil
type (for pNPP, INT, and INTF), biochar type (for INT
and INTF), or soil and biochar types (for pNP and INTF),
as evidenced by significant two- and three-way interaction
terms in the general linear model (Table 2). Biochar sorption
of organics has previously been shown to be dependent on
sorbate chemical properties and biochar feedstock [10]. pNPP
and pNP (in predominantly phenolate form at the alkaline
pH of the assay extraction), as negatively-charged molecules
with low hydrophobicity (log𝐾ow 0.87 and 1.91, resp.), might
be expected not to sorb to biochar due to repulsion between
the pNPP/pNP anions and the negatively charged biochar
functional groups. However, it has recently been suggested
that aromatic organic acid anions adsorb to biochar via
proton exchange with water and subsequent H-bonding with
carboxylate or phenolate biochar surface groups [11] and it
is possible that this mechanism contributed to the sorption
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Figure 2: Effect of biochar concentration (0, 15, 30, or 150mg biochar g−1 soil) and biochar feedstock (straw or pine wood shavings) on the
mean assay concentration or extractable concentration of enzyme assay substrates (a, c) and products (b, d), respectively, for dehydrogenase
(a, b) and phosphatase (c, d) assays as applied to two different soils (Kettering or Cameroon sandy silt loams). Closed circle = straw biochar,
Kettering soil; open circle = pine wood shavings biochar, Kettering soil; closed square = straw biochar, Cameroon soil; open square = pine
wood shavings biochar, Cameroon soil. Bars represent SEM (𝑛 = 4).

of pNP recorded here. By contrast to the anionic pNP and
pNPP, INT is cationic and its sorption might be dominated
by the cation exchange properties of the biochar-amended
soils (Table 1; [12]); however, there was only weak evidence
for a negative relationship between INT concentration and
CEC for the pine wood biochar-amended soil (𝑃 = 0.13,
𝑟
2

= 0.75). INTF, the dehydrogenase assay product, is a
hydrophobic molecule (log𝐾ow = 6.91). Previous studies
have suggested that hydrophobic organic chemicals sorb to
biochar via a combination of partitioning to organic (non-
carbonised) and adsorption to surface (carbonised) domains
with surface adsorption becoming the dominant mechanism
as pyrolysis temperature and time increase [3, 13]. The pyrol-
ysis conditions used here (500∘C, 1 hour) probably resulted
in biochars that retained a significant noncarbonised domain
[3] and it is likely that INTF sorption was partially a function
of partitioning to this phase. Whatever the mechanism of

INTF-biochar interaction, a proportion of the added INTF
was clearly sorbed in a form that could not be recovered using
the assay extractant, N, N-dimethylformamide : ethanol.

Overall, effects of biochar application on assay chemical
behaviour were most pronounced for INTF in soils with
the highest concentration of straw biochar (∼80% of INTF
nonextractable). However, sorption effects were still present
at lower biochar concentrations that are more representative
of agricultural field application rates [14] (30mg g−1 is equiv-
alent to 45 tonnes ha−1 assuming a depth of incorporation
of 10 cm and a soil bulk density of 1.5 g cm−3). For example,
for Cameroon soil receiving 30mg g−1 biochar, reductions
in concentrations were 43% (pine wood biochar) and 30%
(straw biochar) when compared to the nonamended control
for INT and INTF, respectively.

Biochar sorption of assay constituents will impede the
ability to assess genuine biochar effects on soil enzymes.
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Excessive sorption of the assay substrate could reduce its
bioavailability to a concentration that is no longer saturating
[5] which would result in an underestimation of potential
activity and a reduction in the power of the assay to detect
biochar treatment effects [15]. We recommend that the
assumption of saturating substrate concentrations be checked
in biochar-amended samples, and, if necessary, conditions
optimised before commencing assays. As we have shown here
for pNP and INTF, biochar can also significantly reduce the
extractability of assay products which, if not corrected for,
will also result in an underestimation of enzyme activities
in biochar-amended soil. Incomplete extraction, attributed
to sorption to organic matter, of pNP and INTF from
high organic matter soils has been reported previously [16,
17] and, for INTF, matching the matrix of the calibration
standards with that of the samples (i.e., including soil in
the working standard solutions) has been recommended to
account for matrix effects on product extractability [16].
Matrix-matched standards are more commonly applied for
enzyme assays based on fluorogenic (4-methylumbelliferone-
linked) substrates [4, 18]. Based on the data presented here,
we recommend that matrix-matched standards should be
adopted for INT and also pNP-based assays when applied to
biochar-amended soil.
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