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Abstract
Purpose There is a growing interest in the use of soil enzymes
as early indicators of soil quality change under contrasting
agricultural management practices. In recent years, there has
been increasing interest in the use of biochar to improve soil
properties and thus soil quality. In addition, earthworms can
also be used to ameliorate soil properties. However, there is no
literature available on how biochar and earthworms interact
and affect soil enzymes.

The general objective of the present study was to test the
suitability of adding biochar and earthworms in two tropical
soils with low fertility status in order to improve their charac-
teristics and productivity.
Materials and methods Biochars were prepared from four
different materials [sewage sludge (B1), deinking sewage
sludge (B2), Miscanthus (B3) and pine wood (B4)] on two
tropical soils (an Acrisol and a Ferralsol) planted with proso
millet (Panicum milliaceum L.). In addition, in order to in-
vestigate the interaction between earthworms and biochar,
earthworm Pontoscolex corethrurus was added to half of the
mesocosms, while excluded in the remaining half. The activ-
ities of invertase, β-glucosidase, β-glucosaminidase, urease,
phosphomonoesterase and arylsulphatase were determined.

The geometric mean of the assayed enzymes (GMea) was
used as an integrative soil quality index.
Results and discussion Overall, earthworms and especially
biochar had a positive effect on soil quality. GMea showed
B1, B2 and B3 performing better than B4; however, results
were soil specific. Plant productivity increased under both
biochar and earthworm addition. Fruit productivity and plant
growth was enhanced by B1 and B2 but not by B3 or B4.
Conclusions Enhancements of productivity and soil enzymat-
ic activities are possible in the presence of earthworms and the
combination of the practices earthworm and biochar addition
can be suggested in low fertility tropical soils. However,
scientists should proceed carefully in the selection of biochars
as the results of this study show a high specificity in the
biochar–soil interaction.

Keywords Biochar . Pontoscolex corethrurus . Soil
enzymes . Soil quality . Tropical soils

1 Introduction

It is a well-established fact that soil management can alter soil
quality, defined not only in terms of its productive function but
also taking soil as an integral part of the ecosystem. Current
agricultural systems should thus aim at maximizing soil pro-
ductivity while minimizing undesirable environmental effects.
Simultaneously, an intensification of agricultural production
on a global scale is vital in order to provide food security for
an increasing world population.

Inmost tropical areas, sustainable agriculture is constrained
as the soils are prone to nutrient deficiency and have low
organic matter content and cation exchange capacity. In these
circumstances, the efficiency of applied fertilizers, when
farmers are able to purchase them, is very low. As a result,
fallow periods are often reduced leading to a loss of soil
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quality. In tropical agroecosystems, both biochar and earth-
worm addition have shown an appealing potential to increase
soil fertility and thus productivity. Earthworms have been
acknowledged to play an important role in the structure and
fertility of soils as they create organic structures (biopores,
biogenic aggregates) which stimulate nutrient cycling, alter
organic matter chemistry and affect the microbial mineraliza-
tion of organic matter (Lavelle and Spain 2001; Curry and
Schmidt 2007). These effects can have a beneficial influence
in plant growth. In particular, earthworm species such as
Pontoscolex corethrurus and Drawida willsi have shown a
potential to increase plant growth by as much as 40% (Brown
et al. 1999) at both, field and mesocosm scale. The existence
of Terra Preta do Indio (anthropogenic charcoal-enriched dark
soils) and the fact they remain highly fertile after hundreds of
years suggest a potential of biochar to improve soil fertility in
the tropics (Glaser et al. 2002). Related to this, recent meta-
analysis have shown the potential of biochar to improve
farmland yield being greater for low pH soils (Jeffery et al.
2011; Liu et al. 2013), which prevail in the tropical area.

In recent years, it has been established a direct interaction
between earthworms and biochar as the former can ingest
biochar particles and reject them in their casts (Ponge et al.
2006; van Zwieten et al. 2010). This process is likely to affect
biochar distribution in the soil profile, but also biochar char-
acteristics. Previous work has demonstrated the preference of
P. corethrurus to ingest soil with biochar over soil alone
(Topoliantz and Ponge 2005; Ponge et al. 2006). However,
some other species such as Eisenia fetida could exhibit a
stronger preference for soils amended with biochar or for
unamended soils, depending of soil characteristics (van
Zwieten et al. 2010). The effects of the earthworm–biochar
interactions have recently been explored in tropical soils with
respect to resource allocation (Noguera et al. 2010) and pro-
tein turnover (Noguera et al. 2012). Further studies have been
done in temperate soils with respect to greenhouse gas emis-
sions (Augustenborg et al. 2012).

Changes in many soil properties occur slowly and are only
apparent when the soil has undergone drastic changes. Hence, it
is important to select indicators of soil quality that respond
quickly to environmental stress (Paz-Ferreiro et al. 2010,
2011). In particular, soil biological and biochemical properties
have been shown inmultiple studies to be quickly responsive to
changes induced under contrasting management practices or by
land use changes. Examples of these properties would include
parameters that are directly related to the number and activity of
the soil microbiota and also properties associated with the
cycling of nutrients and the decomposition of organic com-
pounds present in soils as is the case of hydrolytic soil enzymes.

Numerous studies have assessed soil enzymes involved in
the biogeochemical cycles of C, N, P and S (Paz-Ferreiro et al.
2009). This interest is not only a consequence of the sensitiv-
ity of these properties to external agents but also due to

logistics, as it is relatively inexpensive and easy to determine
soil enzymes (Nannipieri et al. 2002). However, in spite of the
importance of soil hydrolytic enzymes, the number of reports
about the effects of biochar addition on soil enzyme activities
are limited (Bailey et al. 2011; Lammirato et al. 2011; Paz-
Ferreiro et al. 2012). In addition, when available, most studies
have been carried out using bare soils, in the absence of any
plant material, although it is a well-known fact that vegetation
can alter the microbial–soil interaction (Medina-Roldán et al.
2012), or these studies do not correct for potential biochar
adsorption of the product of the enzymatic reaction (Wu et al.
2013). More information is available with respect to earth-
worm addition to soil, which has been found to increase soil
enzyme activity, either indirectly due to an improvement of
soil physical properties or directly as earthworm casts exhibit
higher enzyme activities than the surrounding soil (Tao et al.
2009).

It is thus evident that changes in soil quality caused by
different types of biochar should be assessed in order to
combine the most sustainable types of crop and biochar. The
general objective of the present study was to provide infor-
mation about the activity of several hydrolytic enzymes in
tropical soils with contrasting fertility and amended with
several types of biochar in the presence or absence of earth-
worms. More specifically, this study aims to address the
following concerns: First, if biochar and earthworms influence
plant productivity, they should impact soil biogeochemical
cycles and, consequently, soil enzymatic activities.
Analysing biochars with contrasting characteristics is neces-
sary to understand if there is a consistent effect of biochar on
soil enzyme activities. Secondly, investigate the relative im-
pact of biochar and earthworm on plant growth. Thirdly,
ascertain whether biochar and earthworms interact (if there
are synergistic or antagonistic effects) with respect to plant
growth or soil enzymatic activity. Finally, we hypothesized
that biochar addition would increase its effectiveness on less
fertile soils.

2 Materials and methods

2.1 Soil sampling

Soils were sampled at Heshan Hilly Land Interdisciplinary
Experimental Station, Chinese Academy of Sciences in
Guangdong Province, China, located at 22°41′N and
112°54′E in March of 2012. The climate of the region is
subtropical monsoon with a mean annual precipitation of 1,
700 mm and a mean annual evapotranspiration of 1,600 mm.
Precipitation mainly occurs in the rainy season from April to
September. The mean annual temperature is 21.7 °C with a
mean maximummonthly temperature of 29.2 °C in July and a
mean monthly minimum of 12.6 °C in January.

484 J Soils Sediments (2014) 14:483–494



Two soils differing in their fertility status were sampled,
although the two of them were relatively infertile. Soil was
sampled from the top 10 cm of the profile in several points of a
20×20 m plot. Soils (approximately 20 kg each) were sam-
pled using a spade and taken to the laboratory in plastic bags
where they were sieved (<5mm) and stored in a fridge at 4 °C.
The more fertile soil (Ferralsol, FAO 2006) had a 1.34%
content of organic matter, a pH of 5.00, an available P content
of 35.8 mg kg−1 and a sandy–loam–clay texture (Table 1). The
more infertile soil (Acrisol, FAO 2006) had an organic matter
content of 3.79%, pH of 3.35 and an available P content of
3.6 mg kg−1 (see Table 1).

2.2 Biochars

The feedstock used for producing B1 biochar in this study was
sewage sludge collected from a wastewater treatment plant in
Madrid (Spain), while the feedstock used for producing B2
biochar was a deinking sewage sludge from a recycled paper
plant. These two feedstocks were first air-dried and then
pyrolysed as described by Gascó et al. (2012). Feedstock
(20 g) was placed in a covered ceramic cup. The ceramic
cup was introduced in a covered nickel recipient. The cavity
between these two recipients (nickel and ceramic cups) was
filled up with fuel coke particles (<1 mm). As the temperature
increases, O2 from air is consumed by fuel coke particles and
samples pyrolysed in the inert atmosphere generated.
Pyrolysis were performed in a tubular furnace Carbolite,
where the temperature was increased to 600 °C at a rate of
10 °C min−1 and the final temperature was maintained for 2 h.

B3 was produced from Miscanthus using an auger
pyrolyser by BTG Biomass Technology Group B.V.
(Enschede, the Netherlands). The Miscanthus biomass (aver-
age moisture content of 11%) was manually fed into an initial
auger reactor and heated to temperatures around 130 °C to
reduce moisture content. After passing through the initial
auger reactor, the biomass was pyrolysed in a second auger

reactor at a pyrolysis temperature of 450 °C. Both reactors
consisted of two concentric tubes. The inner tube holds a
conveyor while the outer shell acts as the heating jacket.
Both reactors are heated by combusting pyrolysis process
residual vapors and gases with air at 850 °C and passing the
hot combustion gases through the outer reactor shell.
Residence times in the second auger reactor at final pyrolysis
temperatures averaged 14.7 (±0.4)min.

B4was produced fromwood using pyrolysis gasification at
a temperature of 800 °C during seconds by O-Gen UK Ltd.
The wood used as feedstock in B4 is a by-product of house
demolishing and restructuring.

In all cases, the particle sizes of the biochars were smaller
than 5 mm. Table 2 shows the general properties of the
biochars used in this experiment.

2.3 Mesocosms

The experiment was conducted at a greenhouse in the South
China Botanical Garden, Guangzhou. Pots (diameter 10 cm
and 15 cm height) were filled with 400 g of soils (sieved to
5 mm). Biochars were added to the soil to a rate of 3% (w /w)
and afterwards soils were planted with eight seeds of proso
millet (Panicum milliaceum L.). Two weeks after planting,
three adult individuals of Pontoscolex corethrurus (Annelida:
Oligocheata: Glossoscolecidae) were introduced at each
mesocosm. The geophagous earthworm P. corethrurus is an
endogeic species feeding on soils with a low content of
organic matter (Lavelle et al. 1987). Earthworms were col-
lected at the same location where soils were taken (Heshan
station). Drains at the bottom of pots were covered with 1 mm
plastic mesh to prevent earthworms from escaping. Soils were
maintained at 60% soil water holding capacity, which was
checked through regular weighting of the pots. Mesocosms
were arranged in a completely randomized design inside the

Table 1 General properties of the soils analysed

Acrisol Ferralsol

pH (H2O) 3.35 5.00

pH (KCl) 3.24 4.61

Organic carbon (%) 3.35 1.53

Organic nitrogen (%) 0.253 0.140

C/N ratio 13 11

Sand (%) 52 54

Silt (%) 17 21

Clay (%) 31 25

Texture Sandy–clay–loam Sandy–clay–loam

Available P (Bray) (mg kg−1) 3.6 35.8

Bulk density (g cm−3) 1.11 1.09

Table 2 General properties of the biochars analysed

B1 B2 B3 B4

pH 8.50 10.31 6.12 12.15

EC (μS cm−1) 1,460 236 420 7,160

C (%) 11.3 14.0 65.4 74.2

N (%) 0.787 0.199 0.604 1.313

C/N 14.3 70.3 108.2 56.5

Surface area (m2 g−1) 37 36 89 169

Volatile matter (%) 16.70 32.97 49.67 17.00

Fixed carbon (%) 4.77 2.22 31.58 53.18

Ash (%) 78.53 64.81 18.75 29.82

Cu (mg kg−1) 740 136 4.8 595

Ni (mg kg−1) 134 22 13 298

Cd (mg kg−1) 9.76 0.2 n.a. 1.8

Zn (mg kg−1) 3,922 54 18 1,361
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greenhouse and their position was changed every few weeks.
After 3 months, the mesocosms were sampled for soil prop-
erties and plant productivity. Survival of earthworms was
higher than 90% at the end of the experiment and no differ-
ences were found between treatments (data not shown).

The experimental design was a full-factorial experiment
with three factors and four replicates, resulting in an overall
number of 80 mesocosms. One factor was determined by the
presence/absence respectively of earthworms, while the sec-
ond one was determined by the absence of biochar or the
presence of one of the four biochars utilised in this experi-
ments. The third factor was soil type (Ferralsol vs. Acrisol).

When the experiment was ended, a part of the soil was air-
dried for general analyses and sieved to 2 mm.

2.4 Plant analyses

At the end of the mesocosm experiment, the fruits and plants
were harvested and oven-dried at 70 °C to constant weight.
Plants were weighted to determine dry matter. The number of
fruits per plant was counted and the total number of fruits per
pot was calculated.

2.5 Soil general properties

Soil bulk density was determined from three oven-dried un-
disturbed cores as mass per volume of oven-dried soil.

A subsample of soil was air-dried, crushed and sieved
(<2 mm) prior to the determination of soil properties. Initial
and final pH levels were determined with a soil/water or KCl
ratio of 1:2.5 using a Crison micro-pH 2000. Initial and final
total C and total N analysed using a Carlo Erba EA-1108
elemental analyser. Available phosphorus was determined as
in Bray and Kurtz (1945). Soil texture was determined as
reported by Day (1965).

2.6 Biochar properties

Electrical conductivity and pH were determined in a ratio
biochar/water 1:2.5 g mL−1 using a Crison 222
conductivimeter in the case of EC and a Crison micro-pH
2000 for pH. Total C and total N were analysed using a Carlo
Erba EA-1108 elemental analyser. Biochar nitrogen adsorp-
tion analysis (BET surface) was carried out at 77 K in a
Micromeritics Tristar 3000.

Proximate analysis was calculated by thermogravimetry
using a Labsys Setaram equipment. Samples were heated up
to 900 °C under an N2 atmosphere at a flux of 40 mL min−1

using a heat rate of 20 °C min−1.Volatile matter was deter-
mined as the weight loss from 150 to 900 °C. At 900 °C, air
flux was introduced until a constant weight was reached and
ashes were determined as the final weight of the samples.

Fixed carbon was calculated as the weight produced when
the final sample was burnt under air atmosphere.

Biochar metal content was determined using a PerkinElmer
2280 atomic absorption spectrophotometer after sample ex-
traction by digestion with concentrated HCl/HNO3 following
the 3051a method (USEPA 1997).

2.7 Soil enzyme activities

Acid phosphomonoes te rase , β -g lucos idase and
arylsulphatase activities were determined following modifica-
tions of the original methods (Saá et al. 1993; Eivazi and
Tabatabai 1988; Tabatabai and Bremner 1970), as described
by Paz-Ferreiro et al. (2009). Briefly, these enzyme activities
were determined after incubating soils at 37 °C and then
measuring, by spectrophotometry, the amount of p -nitrophe-
nol released during enzymatic hydrolysis. Acid phospho-
monoesterase was estimated following the method of Saá
et al. (1993), using 16 mM p -nitrophenyl phosphate as sub-
strate. β-Glucosidase activity was determined similarly as
described for phosphomonoesterase activity, but using
25 mM p -nitrophenyl-β-D -glucopyranoside as substrate
(Eivazi and Tabatabai 1988). Arylsulphatase activity was
assessed after incubating the samples with 5 mM p -nitrophe-
nyl sulphate (Tabatabai and Bremner 1970). The p -nitrophe-
nol released during enzymatic hydrolysis was determined
using a spectrophotometer at a wavelength of 400 nm. The
activity of each of these three enzymes was expressed as
micromole p -nitrophenol per gram per hour.

β-Glucosaminidase activity was assayed as described by
Parham and Deng (2000), but stopping the reaction with 2 M
CaCl2 instead of 0.5 M CaCl2. Essentially, soil (1 g) was
incubated in the presence of 4 mL of 0.1 M acetate buffer
(pH 5.5) and 1 mL of 10 mM p -nitrophenyl-N-acetyl-β-D-
glucosaminide solution at 37 °C. After stopping the reaction
with CaCl2, the activity was measured at a wavelength of
400 nm and expressed as micromole p -nitrophenol per gram
per hour.

Invertase activity was determined after incubating the sam-
ples with 35.06 mM saccharose in 2 M acetate buffer (pH 5.5)
at 50 °C during 3 h and assessing the released reducing sugars
following the method of Schinner and von Mersi (1990).
Invertase activity was measured at 690 nm and expressed as
micromole glucose per gram per hour.

Urease activity was determined as in Kandeler and Gerber
(1988). A modified Berthelot reaction is used in this essay to
obtain an NH4

+ coloured complex after incubation of soil with
urea for 2 h. The coloured complex was measured at 610 nm.
The activity was expressed as micromole NH4

+ per gram dry
soil per hour.

All enzyme activities were determined in triplicate.
Different standard curves were prepared for every combina-
tion of biochar × soil × earthworm to account for both, the
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adsorption that some of the biochars had on the product of the
reaction (Paz-Ferreiro et al. 2012) and adsorption of the prod-
uct of the enzymatic reaction by soil organic matter.

For each soil sample, the geometric mean of the assayed
enzyme activities (GMea) was calculated as:

GMea ¼ Pm� Glu� Ary� Ure� Inv� Gsmð Þ1=6

where Pm, Glu, Ary, Ure, Inv and Gsm are phosphomonoes-
terase, β-glucosidase, arylsulphatase, urease, invertase and β-
glucosaminidase, respectively. This algorithm has been shown
to indicate soil quality in plots under different type of
management.

2.8 Statistical analyses

All statistical analyses were done using SPSS 15.0. A three-
way ANOVA was carried out using the different soil param-
eters measured as variables and type of biochar (derived from
sewage sludge, deinking sewage sludge, Miscanthus or pine
wood), soil type (Acrisol or Ferralsol) and earthworm (pres-
ence or absence) as factors. Post hoc analyses using the Tukey
test were conducted for the factor “biochar”. Unless otherwise
stated, the differences were significant at P <0.05 level.

3 Results

3.1 Plant characteristics

Both, dry matter and number of fruits produced were higher in
the Ferralsol than in the Acrisol, implying a higher fertility of
the former compared to the latter (see Fig. 1a, b). The most
prominent factor explaining the differences among the num-
ber of fruits produced per plant was the type of biochar used.
As a result, mesocosms amended with biochars B1 and B2
exhibited larger number of fruits per plant, compared to the
control soil. The average number of fruits in the mesocosms
amended with B1 was 139 and in the case of B2 was 78.
Those values were much higher than in the control soils (4).
Soil type exerted the second largest influence on plant pro-
ductivity. The number of fruits was higher in the Ferralsol (56
±60) compared to the Acrisol (39±61). The presence of
earthworms increased the number of fruits produced per plant
(P <0.05); however, this effect was uneven. Thus, the number
of fruits per plant was 53±70 in the case of mesocosms with
presence of earthworms and 42±51 in mesocosms without
earthworms. A significant biochar × earthworm interaction
revealed that the effect of earthworms on plant productivity
was only significant in soils amended with B1. Plants grown
with presence of earthworms had 47% more fruits than plants
cultivated in the absence of earthworms for the B1 treatments.

In addition, a significant biochar × soil interaction showed that
B2 exerted a significant effect in the number of fruits produced
in the Ferralsol, but not in the Acrisol. B3 and B4 addition did
not result in a significant increase in fruit production.

The dry matter weight of proso millet shoots varied signif-
icantly among the different treatments, depending on biochar
addition (F =140.17, P <0.001) and on the interaction biochar
× soil (F =7.17, P <0.001). Plant mass was almost multiplied
by 11 in the treatment B1 compared to the control (Fig. 1b),
although B1 worked better for the Ferralsol than for the
Acrisol. Also, plants mass increased five times in soils where
B2 was added compared to the control soils.

3.2 Soil properties

As expected, there was an increase on soil pH and organic
matter content after the addition of different biochars
(Table 3). Earthworm addition did not result in changes in
soil pH or in soil organic matter (data not shown).

The activity of β-glucosidase (Fig. 2a; Table 4) was influ-
enced mainly by biochar (F =38.6, P <0.001) and earthworms
(F =27.3, P <0.001). Thus, β-glucosidase activity followed
the order B3>B4>B1~B2~Control. On the other hand, β-
glucosidase values had an average value of 1.54±0.57 μmol
p -nitrophenol g−1 h−1 in the mesocosms containing earth-
worms vs. 1.30±0.44 μmol p -nitrophenol g−1 h−1 in the
treatments without earthworms. β-Glucosidase values also
were affected by soil type (1.48 ± 0.67 μmol p -
nitrophenol g−1 h−1 in the Ferralsol vs. 1.36±0.31 μmol p -
nitrophenol g−1 h−1 in the Acrisol, F =5.8, P <0.05). The
significant value of the biochar × soil interaction (F =31.3,
P <0.001) revealed that the increases inβ-glucosidase activity
after biochar addition were larger for the Acrisol than for the
Ferralsol. In the case of the Acrisol, biochar addition resulted
in β-glucosidase values that were 161–181% of those of the
control soil, whilst in the Ferralsol biochar resulted in higher,
same or lower β-glucosidase values than in the control soil,
depending on the type of biochar added. As an example, β-
glucosidase in B3 had 169% of the value in the control
Ferralsol, while in B2 this activity was 59% of the control
Ferralsol. There was a marginally significant interaction earth-
worm × soil (F =4.4, P <0.05).

Invertase activity (Fig. 2b) was affected by soil type (F =
112.0, P <0.001), with greater values in the Ferralsol (11.55±
4.49 μmol glucose g−1 h−1) than in the Acrisol (4.35±
2.91 μmol glucose g−1 h−1). Values of invertase activity were
higher in the mesocosms amended with B1 and B2 (F =27.3,
P <0.001). Values of this enzyme were also higher (F =5.8, P
<0.05) in mesocosms with earthworms (8.62±5.55 μmol
glucose g−1 h−1) than in treatments without earthworms
(7.28±4.65 μmol glucose g−1 h−1). There was also a signifi-
cant interaction between biochar and soil (F =31.3, P <0.001).
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The activity ofβ-glucosaminidase (Fig. 2c) was influenced
by biochar addition (F =19.2, P <0.001) and by soil type (F =
8.1, P <0.010). There was a strongly significant interaction
soil × biochar (F =35.7, P <0.001). Thus, biochar amendment
resulted in an improved β-glucosaminidase activity for the
Acrisol in all cases, but only B4 resulted in an increase of β-
glucosaminidase activity in the Ferralsol.

Urease activity (Fig. 3a) was affected by soil type (F =
192.3,P <0.001) and by the presence of biochar (F =87.7, P <
0.001). In addition, although all biochars had a positive effect
on this activity, the strength of the biochar effect depended on
soil type, as there was a statistical significant soil × biochar
interaction (F =45.6, P <0.001). Thus, urease activity in the

Acrisol was highest after amendment with B2, whilst it was
highest in the Ferralsol after addition of B1 and B3.

With respect to phosphomonoesterase values (Fig. 3b), soil
had a strong effect (F =53.4, P <0.001) with values being
higher in the Acrisol (10.2±3.2 μmol p -nitrophenol g−1 h−1)
than in the Ferralsol (7.7±3.1 μmol p -nitrophenol g−1 h−1).
Biochar addition (F =37.4, P <0.001) and the presence of
earthworms (F =24.8, P <0.001) also affected the activ-
ity of this enzyme. There was a significant interaction
between biochar and soil (F =20.7, P <0.001). Thus, for
the Acrisoll, B1, B3 and B4 but not B2 resulted in a
significant increase of phosphomonoesterase activity;
however for the Ferralsol, B1 and B2 resulted in lesser phos-
phomonoesterase activity, while B3 and B4 showed the same
values as the control.

Arylsulphatase (Fig. 3c) was influenced by both, biochar
addition (F =190.6, P <0.001) and soil type (F =26.2, P <
0.001). In addition, there was a significant biochar × soil
interaction (F =81.2, P <0.001) and biochar × earthworm
interaction (P =4.0, P <0.010). All biochars increased
arylsulphatase with respect to the control with the only excep-
tion of B4 in the Ferralsol.

The geometric mean of the five assayed enzymes (Fig. 4)
increased with biochar (F =38.3, P <0.001) and earthworm
addition (F =22.2, P <0.001). GMea ranked in the order B1~
B2~B3>B4>control and had larger values in the Ferralsol
compared to the Acrisol (F =56.9, P <0.001). There was also
a strongly significant biochar × soil interaction (F =40.2, P <
0.001) and, while every biochar increased significantly the
values of GMea with respect to the control in the Acrisol, this
was untrue in the Ferralsol, where only B3 resulted in a
significant increase of GMea.

Table 3 General properties of the soils after the addition of biochar.
Different letters for the same type of soil indicate statistical significant
differences (P<0.05)

Biochar pH Organic carbon (%) Organic nitrogen (%)

Acrisol

Control 3.35±0.13 a 3.33±0.09 a 0.253±0.019 a

B1 5.70±0.22 c 3.63±0.08 a 0.270±0.014 a

B2 6.64±0.11 d 4.10±0.22 ab 0.263±0.035 a

B3 3.90±0.21 b 4.66±0.76 bc 0.295±0.047 ab

B4 4.18±0.51 b 5.14±0.89 c 0.320±0.042 b

Ferralsol

Control 4.88±0.17 a 1.51±0.23 a 0.138±0.23 a

B1 6.25±0.21 d 1.85±0.13 ab 0.160±0.035 a

B2 7.20±0.29 e 2.10±0.18 b 0.170±0.036 ab

B3 5.20±0.14 b 2.83±0.54 c 0.190±0.028 b

B4 5.55±0.16 c 3.19±0.12 c 0.190±0.030 b
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Fig. 1 Number of fruits per plant
for the different mesocosms (a)
and shoot mass for the different
mesocosms (b). Left and right
graph represents treatments with
and without earthworms,
respectively Filled bars represent
the Acrisol, while white bars
represent the Ferralsol
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4 Discussion

4.1 Biochar effect on soil properties

The soils in South China are usually acidic due to the climate,
which presents values of rainfall higher than those of evapo-
transpiration. Moreover, soil organic matter contents are low

due to the rapid mineralization of organic matter as a conse-
quence of the high average annual temperatures. As a result of
this depletion in soil organic matter, nutrients are lost from the
system through leaching and runoff.

The results obtained in this greenhouse experiment showed
the potential to apply biochar to low fertility tropical soils in
order to improve proso millet productivity. It was observed
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Table 4 F values for the different properties and effects considered. P values are shown in brackets. Values in bold indicate that the differences are
statistically significant (P<0.05)

Biochar (B) Soil (S) Earthworm (E) BxS BxE SxE BxSxE

Fruits per plant 142.5 (<0.001) 13.6 (<0.001) 5.3 (0.025) 13.9 (<0.001) 5.9 (<0.001) 0.0 (0.881) 0.3 (0.848)

Shoot mass 140.2 (<0.001) 0.2 (0.637) 3.4 (0.071) 7.2 (<0.001) 0.8 (0.549) 0.1 (0.814) 2.4 (0.057)

β-Glucosidade 38.6 (<0.001) 5.8 (0.019) 27.3 (<0.001) 31.3 (<0.001) 1.5 (0.202) 4.4 (0.041) 2.3 (0.070)

Invertase 15.4 (<0.001) 141.1 (<0.001) 6.7 (0.012) 0.9 (0.442) 2.2 (0.075) 1.0 (0.324) 2.5 (0.051)

β-Glucosaminidase 19.2 (<0.001) 8.1 (0.006) 0.3 (0.605) 35.7 (<0.001) 1.2 (0.317) 0.0 (0.852) 2.2 (0.074)

Urease 87.7 (<0.001) 193.0 (<0.001) 0.1 (0.784) 45.6 (<0.001) 1.2 (0.335) 2.8 (0.100) 1.6 (0.176)

Phosphomonoesterase 37.3 (<0.001) 53.4 (<0.001) 24.7 (<0.001) 20.7 (<0.001) 0.8 (0.509) 1.4 (0.237) 0.8 (0.552)

Arylsulphatase 190.6 (<0.001) 26.2 (<0.001) 3.2 (0.077) 81.2 (<0.001) 4.0 (0.006) 3.4 (0.070) 1.6 (0.178)

GMea 38.3 (<0.001) 56.9 (<0.001) 22.2 (<0.001) 40.2 (<0.001) 1.1 (0.360) 0.2 (0.639) 1.1 (0.350)
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that the average yield produced was greater for the treatments
B1 and B2. Concomitant to an increment in productivity, an
increase in most of the enzymes studied was observed. There
are several mechanisms that can explain a build up in soil
enzyme activity after biochar addition. Firstly, bacteria may
sorb to biochar surfaces via different processes including
hydrophobic attraction or electrostatic forces. This process
rends bacteria less susceptible to leaching in soil (Pietikäinen
et al. 2000). Secondly, although there is no quantitative evi-
dence, both bacteria and fungi are hypothesized to be

protected against grazers or competitors into the pore habitats
of the biochars (Thies and Rillig 2009). Thirdly, some frac-
tions of biochar are labile and can provide a ready-to-use
substrate for microbial populations. Besides, C supply for
heterotrophic microorganisms could be increased by exuda-
tion or root turnover in the rhizosphere. Finally, there is a
positive liming effect of biochar, particularly when added to
acidic soil, which not only increases soil pH but also improves
nutrient cycling (Acosta-Martínez and Tabatabai 2000). It
should also be taken into account that enzyme activity is
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generally well correlated to organic matter stocks. However,
in this study other factors weremore important, as the biochars
with a higher organic matter content (B3 and B4) did not result
in greater crop productivity or higher enzymatic activity.

In spite of the vast number of articles dealing either the
effect of soil management on soil enzymes, most of these
focus on the effects of fertilizers or a combination of manage-
ment practices. However, not so many studies have been
performed to look into the effect of pH changes on soil
enzymes (but see Acosta-Martínez and Tabatabai 2000;
Mijangos et al. 2010). It is generally accepted that moderate
soil pH contributes to an enhancement of soil microbial pop-
ulations and thus enzyme activity. However, even though pH
generally correlated positively to soil enzyme activity, this
was not always the case in this study. In fact, for the
Ferralsol, β-glucosidase activity was negatively correlated to
pH (r = −0.67, P < 0.001) as was the case of β-
glucosaminidase (r =−0.40, P <0.010). Both activities were
positively correlated with pH for the Acrisol (r =0.41, P <
0.010 and r =0.86, P <0.001, respectively, for β-glucosidase
and β-glucosaminidase). In the case of urease, the correlation
with pH was positive for the Acrisol (r =0.80, P <0.001) but
non-existent for the Ferralsol. This suggests that the positive
impact of biochar on soil enzyme activities is linked to pH
increases in strongly acidic soils and other mechanisms, de-
scribed in the previous paragraph, in other soils.

Glycosidases play a key role in degrading organic com-
pounds such as crop residues or animal manure in soils. In this
respect, β-glucosidase is sensitive to soil pH increasing after
liming (Acosta-Martínez and Tabatabai 2000). In addition, β-
glucosidase has been used to monitor quick changes in soil
organic matter caused by soil management practices (Bandick
and Dick 1999) as this enzyme is strongly related to soil
organic matter content. The activity ofβ-glucosidase has been
also utilised as a component in multiparametric indices esti-
mating soil quality (Puglisi et al. 2006). However, even bio-
char is generally an alkaline material that increases soil pH;
the response of β-glucosidase and the mechanisms involved
in this response after biochar addition are not well established.
Lammirato et al. (2011) and Paz-Ferreiro et al. (2012) have
reported a diminished activity in biochar amended soils, while
Bailey et al. (2011) found this effect to be dependent on the
type of soil analysed. A possible explanation given by the
decrease ofβ-glucosidase is an improved microbial efficiency
as a consequence of the co-location of microorganisms and C
on biochar surfaces.

Invertase activity is involved in the degradation of
fructofuranosides and can be used as an indicator of the
release of low molecular weight sugars, which can be used
as energy sources for microorganisms. Invertase activity is
strongly dependent on plant cover (Ross 1976). Increases in
plant productivity could explain the higher values of invertase
activity for the mesocosms amended with B1 and B2. In fact,

there was a statistical significant correlation between the num-
ber of fruits per plant and invertase activity (r =0.48, P <
0.001).

β-Glucosaminidase catalyses the hydrolysis of N -
acetyl-β-D -glucosamine residues from the terminal non-
reducing ends of chitooligosaccharides and has been associ-
ated with the N acquisition process of microorganisms
(Parham and Deng 2000) while urease catalyses the hydroly-
sis of urea. Urease and β-glucosaminidase are sensitive to
land use and agricultural management. Previous research sug-
gests that organic C and N associated to soil microbial bio-
mass (Ekenler and Tabatabai 2003) might be important N
substrates for soil microorganisms to produce soil enzymes
related to N cycling (β-glucosaminidase and urease in this
study). It is likely that biochar has increased total organic C
and maybe N associated to the microbial biomass and subse-
quently promoting the activity of enzymes involved in the N
cycle as this effect has been observed before in previous works
(Paz-Ferreiro et al. 2012).

Phosphatases catalyse the hydrolysis of both esters and
anhydrides of phosphoric acid. Phosphomonoesterase activity
is an inducible enzyme (Acosta-Martínez and Tabatabai 2000)
and, therefore, excretion by plant roots and microorganisms
are regulated by their requirement for orthophosphate. As
expected, phosphomonoesterase was lower in the Acrisol than
in the Ferralsol due to a shortage of phosphorus in the first
one. Phosphomonoesterase is an inducible enzyme, which
explains the enhanced activity observed in low ash content
biochars (B3 and B4).

Arysulphatase regulates S availability in soils. As far as we
know, the influence of biochar on sulphur transformations has
attracted little attention. Previous work found no biochar
effect on this enzyme (Paz-Ferreiro et al. 2012). However, in
the present work, biochar addition to soil was found to have an
effect on S cycling, although the mechanism for explaining
the role of biochar addition on sulphur transformations re-
mains elusive.

4.2 Earthworm effect

The stimulatory effect of earthworms on soil enzymes could
be explained by mucus and casts production. The first one
provides easily assimilable C for microorganisms (Doube and
Brown 1998). Casts (both in the surface and underground)
effect on soil enzymes is possibly due to the provision of a rich
nutrient substrate for microbial and microfaunal growth, as
casts are enriched in available forms of C, N and P and the
earthworms' own enzymes (Zhang et al. 2000). Tiwari et al.
(1989) suggested that higher enzyme activity in earthworm
casts can be due to an increase in soil bacterial and fungal
biomass.

An increase inβ-glucosidase activity in the treatments with
earthworms might have been caused by the higher cellulolytic
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activity characteristic in the casts of many earthworms (Zhang
et al. 2000). The presence of earthworms increased invertase
activity significantly as has been shown by other researchers
(Tao et al. 2009). As found in the present study, the existence
of earthworms has been associated with higher phosphatase
activities in previous works for several earthworm species
with different feeding habits (Aira et al. 2003). The mecha-
nism to explain this observation is that earthworms could lead
to reduced amounts of available phosphorus (Li et al. 2012).

In general, biochar and earthworms did not interact with
respect to soil enzyme activity in this work. A scarce interac-
tion between earthworms and biochar has been found before
(Noguera et al. 2010). Apparently, except in the case of
arylsulphatase, soil enzymes were affected in a consistent
way by earthworms. However, in the case of arysulphatase,
we noticed a significant biochar × earthworm interaction,
showing that the response of the sulphur cycle to biochar
addition could be more complex than that of other biogeo-
chemical cycles. However, this study does not allow drawing
conclusions on the underlying mechanism of the interactions
between earthworms and biochar.

In general, there was no significant interaction between soil
type and the presence of earthworms, being the only exception
β-glucosidase activity. Generally, it is assumed that earth-
worms' effect are more positive in poorer soils (Brown et al.
1999), as earthworms increase the mineralization of soil or-
ganic matter. Thus, in soils rich in mineral nutrients, this effect
could disappear. However, we found earthworms to have a
more positive effect in β-glucosidase activity in the Ferralsol,
rather than in the Acrisol.

4.3 Soil quality

Soil processes are determined by a large number of diverse
physical, chemical and biochemical properties. Changes in
these properties can alter soil quality; however, individual soil
properties are not adequate to estimate soil quality and there is
an increasing tendency to use linear expressions or other type
of relationships as an index of soil quality (Puglisi et al. 2006;
Paz-Ferreiro et al. 2007, 2009, 2012; Li et al. 2013). GMea has
been proved to be responsive to organic management (García-
Ruiz et al. 2008), to biochar or sewage sludge addition (Paz-
Ferreiro et al. 2012) and to other by-products that can be used
as soil amendments such as straw, chaff and slag (Li et al.
2013). In this work, GMea values in soils amended with
biochar or with presence of earthworms were significantly
higher than in the controls. On average, GMea increased by
53, 53, 53 and 36% in soils amended with B1, B2, B3 and B4,
respectively and by 12% in the samples with earthworms. Our
data point out that, overall, biochar addition had a stronger
effect than earthworm addition, although exceptions were
observed for some individual soil enzymes. Nevertheless,
the magnitude of the differences depended on soil type and a

high specificity of the soil–biochar interaction. Overall, the
less fertile soil (Acrisol) responded better to biochar addition.
For the Ferralsol, B3 and B1 increased GMea values by 37
and 20%, respectively. Samples amended with B2 and B4 had
the same value as the control in the Ferralsol. In the case of the
Acrisol, B1, B2, B3 and B4 increased GMea values by 118,
164, 81 and 73%, respectively. These figures are higher than
the 18% GMea increment found previously in an Umbrisol
(Paz-Ferreiro et al. 2012) and ratifies our hypotheses that, after
biochar addition, the lower soil fertility is, the higher increases
in soil enzymatic activity are to be expected. GMea values
showed lower variability than those of the individual enzyme
activities (data not shown), suggesting that GMea is a more
suitable index for assessing soil quality than individual soil
enzymatic activities.

When making conclusions about our data, it is imperative
to take into account that the interpretation of measurements
from enzyme assays is a complex issue as enzyme activity has
multiple locations (Nannipieri et al. 2002). However,
spectophotometric assays do not separate the contribution of
activity linked to soil colloids and those of free enzymes
(Nannipieri et al. 2002). It should also be taken into account
that different soil enzymes assays can render distinct results
and that no standard methods are currently available for mea-
suring enzyme activities. Also, the experimental design in this
experiment does not allow to isolate the effect of different
factors involved when biochar is added to the soil or deepen
into the mechanistic processes involved. Thus, we believe that
scientists are at the very beginning of establishing the effect of
biochar addition on soil enzyme activity. Our results are
valuable, even though this experiment was a short-term
mesocosm experiment and results may not be extrapolated
to field conditions. It was established for the first time that
earthworms and biochar could interact synergistically to im-
prove soil biological properties and soil fertility and a good
agreement between the value of soil enzymes and plant pro-
ductivity was generally detected.

5 Conclusions

Biochars and earthworms had a positive influence in both soil
enzymatic activities and plant growth, with high mineral ash
biochars (B1 and B2) performing better than low mineral ash
biochars derived from plant material (B3 and B4). In general,
biochar type was more determinant than the presence of
earthworms to explain increases in plant productivity and soil
enzyme activity. Biochar effects, but not earthworm effects,
were highly dependent on soil type. Also, there was some
evidence of a positive further interaction between some of the
biochars used and earthworms, at least for plant productivity
and for some of the enzymatic properties analysed
(arylsulphatase). Hence, further enhancements of productivity
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are possible in the presence of earthworms and combining the
practices of earthworm and biochar addition can be suggested
in tropical soils. This should be made with caution as when
adding biochar to soil it should be born in mind the high
specificity of the soil–biochar interaction. In this aspect, in-
creases in soil enzymatic activity were more pronounced in
the less fertile soil (Acrisol) rather than in the Ferralsol.
Further research will be needed to predict accurately the
biological response of different soil types when diverse bio-
chars are added.
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