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Biochar nutrient availability rather than its water holding
capacity governs the growth of both C3 and C4 plants
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Abstract
Purpose Biochar has been suggested as a soil conditioner
to improve soil fertility and crop productivity while si-
multaneously mitigate global climate change by storing
carbon in the soil. This study investigated the effect of
pine (Pinus radiata) biochar application on soil water
availability, nitrogen (N) and carbon (C) pools and growth
of C3 and C4 plants.
Materials and methods In a glasshouse pot trial, a pine bio-
char (untreated) and nutrient-enriched pine biochar were ap-
plied to a market garden soil with C3 (Spinacia oleracea L.)
and C4 (Amaranthus paniculatus L.) plants at rates of 0, 1.0,
2.0, and 4.0 % (w/w). Plant biomass, soil pH, moisture con-
tent, water holding capacity (WHC), hot water extractable
organic C (HWEOC), and total N (HWETN), total C and N,
and their isotope compositions (δ13C and δ15N) of soils and
plants were measured at the end of the experimentation.

Results and discussion The soil moisture content increased
while plant biomass decreased with increasing untreated bio-
char application rates. The addition of nutrient-enriched bio-
char significantly improved plant biomass in comparison to
the untreated biochar addition at most application rates. Bio-
char application also increased the levels of labile organic C
and N pools as indicated by HWEOC and HWETN.
Conclusions The results suggested that the addition of pine
biochar significantly improved soil water availability but not
plant growth. The application of nutrient-enriched pine bio-
char demonstrated that the growth of C3 and C4 plants was
governed by biochar nutrient availability rather than its water
holding capacity under the pot trial condition.
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1 Introduction

Biochar is a highly porous, carbon (C)-rich solid residue of
pyrolysis of biomass and has recently been suggested and
hotly contested for applications in soil as a means of mitigat-
ing global climate change while simultaneously improving
soil fertility and crop productivity (Lehmann and Joseph
2009; Atkinson et al. 2010; Woolf et al. 2010). During the
growth of plant biomass, C is removed from the atmosphere
through photosynthesis and sequestrated in the form of bio-
char after plant biomass is converted to char. Due to its inher-
ently recalcitrant chemical composition, biochar could remain
stable in soils for hundreds to thousands of years (Cheng et al.
2008). In addition, adding biochar to soil also has the potential
to reduce greenhouse gases (GHGs) such as nitrous oxide
(N2O) and methane (CH4) emissions (e.g., Woolf et al.
2010; Anderson et al. 2011; Rogovska et al. 2011).

Biochar addition could also improve the soil’s ability to
retain bioavailable water, reduce leaching of nutrients to sur-
face and ground waters, decrease soil bulk density, increase its
cation exchange capacity (CEC), and act as a liming agent in
the acidic soils (Laird et al. 2010; Rogovska et al. 2011;
Novak et al. 2012). Due to its highly porous physical structure
and high specific surface area, biochar is considered to have a
greater ability to adsorb and retain water and nutrients, and its
application may improve soil physical properties and thus soil
water content and holding capacity (WHC) (Glaser et al.
2002; Steiner et al. 2007; Baronti et al. 2014). Novak et al.
(2009) found that the addition of switchgrass biochar to a
Norfolk loamy sandy soil increased soil water retention from
6.7 to 15.9 % relative to the control. Basso et al. (2013) ap-
plied biochar produced using red oak (Quercus rubra) feed-
stock by fast pyrolysis (500 °C) to a sandy loam soil, and
found that biochar addition significantly increased gravity-
drained water content and could maintain this water in the soil
for an extended period of time relative to the control. This
appears to be mostly due to the high porosity of the biochar-
treated soil that could have allowed more water to be physi-
cally retained. The increase in soil CEC, resulting from the
oxidation of biochar and the adsorption of organic matter on
the biochar surfaces, will increase its ability to retain cations
such as NH4

+ and thus enhance nutrient retention (Liang et al.
2006; Clough and Condron 2010). Since soil water and nutri-
ent availability are two key factors controlling the plant
growth and microbial activities, biochar addition would en-
hance plant productivity.

Despite the beneficial effects mentioned above, biochar
application may also have negative effects on plant growth
(Gaskin et al. 2010; Reverchon et al. 2014). Volatile organic
compounds associated with biochar could be deleterious to
plant growth (Deenik et al. 2010). Moreover, adsorption of
nutrient cations such as NH4

+ and potassium (K) by biochar
from the soil may result in a decline in available nutrients for

the plant to uptake. In some cases, yield depression was at-
tributed to the high pH under high rates of biochar application
(van Zwieten et al. 2010). As a result, conflicting results about
the effect of biochar addition on plant growth and crop pro-
ductivity have been reported (Gaskin et al. 2010; Zhang et al.
2012; Güereña et al. 2013). To offset the negative effects of
biochar addition, it has been proposed to treat biochar with an
appropriate nutrient solution or in combination with fertilizers
(Rajkovich et al. 2012; Zhang et al. 2012; Reverchon et al.
2014). For example, Taghizadeh-Toosi et al. (2012) demon-
strated a proof of concept that ammonia (NH3) emissions
could be captured by pine (Pinus radiata) biochar and made
bioavailable in the soil for growing perennial ryegrass (Lolium
perenne L.). They found that the addition of NH3 adsorbed
biochar increased the leaf dry matter yields by two- to three-
fold and root dry matter yields by twofold relative to the treat-
ments of non-treated biochar addition. Steiner et al. (2007)
also showed that charcoal application together with a mineral
fertilizer improved plant growth and had almost twice asmuch
yield as the mineral fertilizer application only, because
charcoal had the ability to sustain the soil fertility if an
additional nutrient source was given. In our recent study,
Reverchon et al. (2014) saturated a jarrah biochar and a pine
biochar in a nutrient-rich solution (Hoagland’s No. 2 Basal
Salt Mixture, Sigma) to investigate the effect of nutrient en-
richment on the wheat biomass due to biochar application.
They found that both types of the nutrient-enriched biochar
had a positive effect on wheat grain biomass when compared
with the same application rate of the untreated biochar, be-
lieved to be due to the enhanced nutrient availability and re-
duced N cycling rates in the plant-soil system, and thus re-
duced the competition for available nutrients between biochar
and plants. However, nutrient-enriched biochar was added
only at single rate in the previous study, the effect of
nutrient-enriched biochar on plant growth following multiple
biochar application rates was not examined.

Hot water extractable organic C (HWEOC) and total N
(HWETN) are considered as useful indicators of C and N
availability and soil fertility (Sparling et al. 1998; Ghani
et al. 2003; Chen et al. 2004; Ibell et al. 2010; Jiang et al.
2010). Hot water would not only extract soluble C and N
pools, but also components of microbial biomass. Previ-
ous studies also showed that HWEOC was highly corre-
lated with soil respired CO2, microbial biomass C and N,
mineralizable N, and total carbohydrates (Sparling et al.
1998; Ghani et al. 2003; Chen and Xu 2005). Thus, Ghani
et al. (2003) suggested that HWEOC might be used as an
integrated indicator of soil quality. In this study, a glass-
house pot experiment was conducted to investigate the
effects of untreated and nutrient-enriched biochar applica-
tion on growth of C3 and C4 plants with different water
use efficiencies and growth strategy. The specific objec-
tives were to: (1) evaluate the effect of biochar addition
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on soil water availability and C and N pools; (2) investi-
gate the effect of untreated and nutrient-enriched biochar
addition on C3 and C4 plant biomass; and (3) test which
factor influenced by biochar application controlled the
growth of C3 and C4 plants. Based on the previous stud-
ies, we hypothesized that: (1) biochar addition could en-
hance soil water availability, but depend on the applica-
tion rates; (2) the addition of nutrient-enriched biochar
could enhance plant growth by increasing nutrient avail-
ability for plants; and (3) growth of C3 and C4 plants
would respond differently to the biochar application.

2 Materials and methods

2.1 Biochar

As an extension of our previous work, the pine biochar (P.
radiata D. Don) used in this study was the same as that
used in Reverchon et al. (2014). In brief, the woodchips
used to generate the biochar were from a pine plantation
near Bunbury, about 200 km south of Perth, Western Aus-
tralia. The biochar was produced by ANSAC Pty Ltd
(www.ansac.com.au) using the ANSAC HK indirectly
fired kiln with 20 min residence time and 700 °C
nominal temperature of pyrolysis under oxygen depleted
condition. The biochar was cooled indirectly to below
90 °C and then discharged in air. In the present study, a
portion of the pine-char was treated with Hoagland solu-
tion (Hoagland’s no. 2 Basal Salt Mixture, Sigma), a com-
monly used fertilizer in the horticultural industry principal-
ly containing calcium and potassium nitrate, magnesium
sulfate and ammonium phosphate (Electronic supplemen-
tary material, Table S1). Pine biochar was saturated in
Hoagland solution for 24 h, and then thoroughly dried in
the oven at 70 °C for 48 h. The characteristics of both
untreated and nutrient-enriched biochar were shown in Ta-
ble 1. Before mixing with the soil, both types of biochar
were ground and passed through a 4-mm sieve.

2.2 Pot experimentation

The pot trial was carried out in a glasshouse at The Uni-
versity of Western Australia, Perth, Australia. A single
type of soil, the market garden soil (Table 2), was chosen
to provide consistency, allowing the study to focus on the
effect of addition rates and nutrient treatment of biochar.
Different quantities of either untreated or nutrient-
enriched pine biochar were mixed with the soil at four
rates of 0, 1.0 %, 2.0 % and 4.0 % (w/w). Two types of
plants, spinach (Spinacia oleracea L., C3 plant) and am-
aranth (Amaranthus paniculatus L., C4 plant), were
planted. During the whole trial period, each pot was
weighed and watered every 2 or 3 days to maintain
80 % of water holding capacity. Each treatment was rep-
licated three times. The detailed management and mainte-
nance of the pot trials were similar to those reported by
Reverchon et al. (2014).

Both spinach (SP) and amaranth (AM) plants were har-
vested after 53 days of growth. During harvesting, each
plant was separated into two sections, namely above-
ground parts (the leaves and stems) and belowground
parts (the roots). The soil from each of the pots was well
mixed and fresh subsamples (about 500 g) were collected
and stored at 4 °C. The plant materials were dried at
65 °C to a constant weight to determine the dry weights
and the root-to-shoot mass ratios (R:S). Then, the oven-
dried plant samples and fresh soils were posted from
UWA in Perth to Griffith University (Nathan campus,
Brisbane, Australia) for further analysis.

2.3 Sample analyses

Soil moisture was measured gravimetrically after drying in the
oven at 105 °C for 48 h. Soil WHC was determined by sub-
merging the subsamples in water for 4 h, and subsequent
draining for another 24 h, and then drying in the oven at
105 °C for 48 h. A soil suspension was prepared using a
soil:water ratio of 1:5 (w:v) to measure soil pH. About 50 g

Table 1 Characteristics of the
untreated and nutrient-enriched
pine biochar

Characteristics Untreated biochar Nutrient-enriched biochar

Water (%) 9.5 11.3

Ash (%) 3.1 1.0

Volatile matter (%) 8.9 17.9

Fixed carbon (%) 78.5 69.8

Brunauer-Emmett-Teller (BET) surface area (m2 g-1) 300.9 314.8

Pore volume (cm3 g-1) 0.020 0.010

Pore size-adsorption (nm) 2.201 1.658

Pore size-desorption (nm) 3.735 4.407
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of each soil sample was air-dried and ground to a fine homog-
enous powder using a Rocklabs™ ring grinder. 60-70 mg of
the grounded soil was then weighed and packed into 8×5 mm
tin capsules for analysis of total C, total N, C isotope compo-
sition (δ13C), and N isotope composition (δ15N) using an iso-
tope ratio mass spectrometer (GV Isoprime, Manchester, UK)
(Xu et al. 2000, 2003). Hot water extractable organic C
(HWEOC) and total N (HWETN) were determined using
the method of Sparling et al. (1998) and Chen and Xu
(2005). 7.00 g of fresh soil was mixed with 35 mL of distilled
water in polypropylene tubes and incubated in the oven at
70 °C for 18 h. The tubes were shaken on an end-over-end
shaker for 5 min and then placed in a centrifuge at 10,000 rpm
for 10 min. The suspension was filtered through Whatman 42
filter papers into 70 mL plastic containers. Finally, the extract
was passed through a 33 mm Millex syringe-driven 0.45-μm
filter. HWEOC and HWETNwere measured using a TOC/TN
analyzer (TOC-VCSH/CSN TOC/N, Shimadzu, Kyoto, Japan).
The oven-dried plant materials were also ground to measure
total C, total N, δ13C, and δ15N using mass spectrometer as
above (Xu et al. 2000, 2003).

2.4 Statistical analyses

Statistical analyses were conducted with Statistix 8.0, and
all figures were drawn with OriginPro 8.5 software
(OriginLab, USA). Three-way ANOVA were conducted
to test the effects of biochar type, biochar application rate,
plant species and their interactions on the soil and plant
characteristics at P < 0.05. Regression curve estimations
were performed to establish the relationships between
the rates of biochar application and measured soil and
plant variables. The different effects of untreated and
nutrient-enriched biochar were tested by pre-forming the
effect of treatment contrast on the soil and plant variables
by linear regression analysis. All measured variables were
analyzed separately for each plant type and considered
significant at P< 0.05.

3 Results

3.1 Soil properties

The addition of both untreated and nutrient-enriched biochars
resulted in a linear increase in soil moisture content with the
application rate with growth of the C3 plant (Electronic sup-
plementary material, Fig. S1a), while moisture content of the
soils with growth of the C4 plant only quadratically increased
with the rate of untreated biochar addition (Electronic supple-
mentary material, Fig. S1b). For the soils with the C4 plant,
the moisture content with nutrient-enriched biochar addition
was significantly lower than that with untreated biochar addi-
tion at the highest rate (4 % w/w) (Electronic supplementary
material, Figs. S1b, d; P<0.001). WHC of the soils with the
C4 plant increased linearly with the rate of untreated biochar
addition (Electronic supplementary material, Fig. S1d). For
the soils with both C3 and C4 plants, the soil pH and total C
increased and soil δ13C decreased with increasing the rate of
biochar addition for both untreated and nutrient-enriched bio-
char (Table 3). No significant effect of biochar addition on the
soil total N and δ15N was observed (Electronic supplementary
material, Fig. S2). There were significant interactions between
biochar type, biochar application rate and plant species on soil
pH, moisture content, WHC and total C, but not on soil total
N, δ13C and δ15N (Electronic supplementary material, Table
S2), and soil inorganic N contents (Electronic supplementary
material, Table S3).

3.2 HWEOC and HWETN

Concentrations of HWEOC in soils with both C3 and C4
plants linearly increased with the rate of untreated biochar
addition (Figs. 1a, b). For the soils with both C3 and C4 plants,
concentrations of HWEOC with the untreated biochar addi-
tion were significantly higher than those of the nutrient-
enriched biochar addition (Fig. 1a, b). For the soils with C3
plants, HWETN linearly increased with the rate of nutrient-
enriched biochar addition (Fig. 1c), while HWETN of the soils
with C4 plants increased linearly with the rate of biochar ad-
dition for both untreated and nutrient-enriched biochar
(Fig. 1d). For the soils with C4 plants, HWETN of the soils
with the untreated biochar addition was significantly higher
than that of the soils with the nutrient-enriched biochar addi-
tion (Fig. 1d). There were no interactions between biochar
type, biochar application rate and plant species on HWEOC
and HWETN of the soils (Electronic supplementary material,
Table S2).

3.3 Plant biomass

For both C3 and C4 plants, aboveground biomass with the
nutrient-enriched biochar addition was significantly higher

Table 2 Analysis of the market garden soil

Property

pH 7.42 ± 0.03a

Moisture content (%) 1.52 ± 0.04

Water holding capacity (WHC) (%) 22.7 ± 1.3

Total carbon (C) (%) 0.5 ± 0.0

Total nitrogen (N) (%) 0.0197± 0.0003

C isotope composition (δ13C) (‰) -25.3 ± 0.1

N isotope composition (δ15N) (‰) 3.5 ± 0.6

Hot water extractable organic C (HWEOC) (mg kg-1) 171.3 ± 6.0

Hot water extractable total N (HWETN) (mg kg-1) 10.6 ± 0.8

a Data presented are means of triplicates ± standard errors
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than that with the untreated biochar addition (Fig. 2a, b).
Aboveground biomass of the C4 plant was linearly decreased
with the rate of untreated biochar addition (Fig. 2b) and sim-
ilar trend but to a less extent was observed for the C3 plants
(Fig. 2a). Root biomass with nutrient-enriched biochar addi-
tion was significantly higher than that with the untreated bio-
char addition (P<0.05) (Figs. 2c, d). Root biomass of both C3
and C4 plants was linearly decreased with the rate of untreated
biochar addition (Figs. 2c, d), while there were no consistent
and significant effects of application rate of nutrient-enriched
biochar on root biomass of both C3 and C4 plants (Figs. 2c,
d). For the C4 plants, R:S was linearly decreased with the rate
of untreated biochar addition (Fig. 2f), but this trend was not

observed for the C3 plant (Fig. 2e). There were no interactions
between biochar type, biochar application rate and plant spe-
cies on plant aboveground, root biomass and R:S ratio, except
for the significant interactions between biochar type and plant
species on root biomass (P<0.05, Electronic supplementary
material, Tables S3 and S4).

3.4 Plant nutrient status

Plant δ13C and nutrient concentrations versus the rate of
biochar addition are shown in Table 3. δ13C of the above-
ground C3 plants decreased linearly with the rate of un-
treated biochar addition and non-linearly with the rate of

Table 3 Results of regression analysis between the biochar addition rate and measured plant and soil variables

Biochar C3 plants C4 plants

Soil

pH Nutrient-enriched pH=7.26+ 0.294BCR pH= 7.26+ 0.395BCR

(R2 = 0.750, n = 12, P< 0.001) (R2 = 0.951, n= 12, P< 0.001)

Untreated pH=7.28+ 0.314BCR pH= 7.27+ 0.244BCR

(R2 = 0.845, n = 12, P< 0.001) (R2 = 0.880, n= 12, P< 0.001)

Total carbon (C) (%) Nutrient-enriched Total C =0.653 + 0.375BCR Total C =0.413 + 0.955BCR

(R2 = 0.836, n = 12, P< 0.001) (R2 = 0.867, n= 12, P< 0.001)

Untreated Total C = 0.730 + 0.678BCR Total C = 0.636 + 0.728BCR− 0.0615 (BCR)
2

(R2 = 0.893, n = 12, P< 0.001) (R2 = 0.960, n= 12, P< 0.001)

δ13C (‰) Nutrient-enriched δ13C =−25.4 − 0.378BCR δ13C =−25.2− 1.13BCR+ 0.158 (BCR)
2

(R2 = 0.576, n = 12, P< 0.01) (R2 = 0.936, n= 12, P< 0.001)

Untreated δ13C =−25.1–1.41BCR + 0.238 (BCR)
2 δ13C =−25.2–1.16BCR+ 0.185 (BCR)

2

(R2 = 0.922, n = 12, P< 0.001) (R2 = 0.886, n= 12, P< 0.001)

Plant

Aboveground total C (%) Nutrient-enriched Total C = 37.0 + 0.479BCR

(R2 = 0.291, n= 12, P< 0.05)

Untreated

Aboveground δ13C (‰) Nutrient-enriched δ13C =−27.5 − 2.02BCR+ 0.396 (BCR)
2

(R2 = 0.452, n = 11, P< 0.05)

Untreated δ13C =−27.7 − 0.684BCR

(R2 = 0.587, n = 12, P< 0.01)

Aboveground total N (%) Nutrient-enriched Total N = 4.01− 1.25BCR + 0.315 (BCR)
2

(R2 = 0.809, n = 11, P< 0.001)

Untreated Total N = 4.03− 0.894BCR + 0.158 (BCR)
2

(R2 = 0.389, n = 12, P< 0.05)
Aboveground δ15N (‰) Nutrient-enriched δ15N= 9.76− 2.52BCR + 0.446(BCR)

2

(R2 = 0.458, n= 12, P< 0.05)

Untreated

Root δ13C (‰) Nutrient-enriched δ13C =−28.5−0.728BCR

(R2 = 0.429, n = 11, P< 0.05)

Untreated δ13C =−28.2 − 0.515BCR

(R2 = 0.295, n = 12, P< 0.05)

Root δ15N (‰) Nutrient-enriched δ15N= 1.93+ 0.384 BCR

(R2 = 0.443, n = 11, P< 0.05)

Untreated

BCR biochar addition rate, δ
13 C C isotope composition, δ15N N isotope composition
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Fig. 1 Hot water extractable
organic carbon (HWEOC) and
total nitrogen (HWETN) follow-
ing the rate of biochar application
in the soils with C3 and C4 plants
in a pot experiment. Nutrient-
enriched biochar application is
represented in open circles and
untreated biochar in filled circles.
Values represent the means of
triplicates ± standard errors

Fig. 2 Plant biomass and root to
shoot ratio (R:S) following the
rate of biochar application in a pot
experiment. Nutrient-enriched
biochar application is represented
in open circles and untreated bio-
char in filled circles. Values rep-
resent the means of triplicates
± standard errors
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nutrient-enriched biochar addition. Total N concentration
of the aboveground C3 plants non-linearly decreased with
the rate of both untreated and nutrient-enriched biochar
addition. Root δ13C of the C3 plants linearly decreased
with the rate of biochar addition for both untreated and
nutrient-enriched biochar. Root δ15N of the C3 plants lin-
early increased with the untreated biochar addition. Total
C concentration of the aboveground C4 plants were line-
arly increased with the rate of nutrient-enriched biochar
addition. The addition of nutrient-enriched biochar signif-
icantly increased root total C concentration of the C4
plants in comparison to the addition of untreated biochar
(P < 0.05). δ15N of the aboveground C4 plants non-
linearly decreased with the rate of nutrient-enriched bio-
char addition. There were no interactions between biochar
type, biochar application rate and plant species on total C
concentration, C content and δ15N of the aboveground
plants, and on root total N concentration and δ15N, while
significant interactions between biochar type, biochar ap-
plication rate and plant species on total N concentration,
N content and δ13C of the aboveground plants, and on
root total C concentration, C content, N content, and
δ13C as well (Supplementary Tables S3 and S4).

When data were pooled together for each species, δ13C of
the plant aboveground parts accounted for 69 % (n= 23,
P<0.001) and 22 % (n=24, P<0.05) of the variation in root
δ13C for C3 and C4 plants respectively (Fig. 3a, b). Root δ15N
accounted for 41 % (n= 23, P< 0.001) and 94 % (n= 24,
P<0.001) of the variation in aboveground δ15N for C3 and
C4 plants respectively (Fig. 3c, d).

4 Discussion

In this study, the addition of biochar to a market garden soil
was shown to significantly affect soil water availability, labile
C and N pools, and the growth of both C3 and C4 plants. Soil
water availability and C and N availability were enhanced,
while the growth of C3 and C4 plants was reduced with in-
creased rate of untreated biochar addition. Overall, the greater
plant biomass of both C3 and C4 plants in nutrient-enriched
biochar treatment than in the untreated biochar treatment in-
dicated that the negative effect of biochar on the plant growth
could be offset by high nutrient availability.

4.1 Soil water availability

The increased soil moisture content and WHC in response to
the biochar amendment in this study confirmed that biochar
could affect soil water availability (Electronic supplementary
material, Fig. S1), and was consistent with the findings report-
ed in the previous studies (Glaser et al. 2002; Kammann et al.
2011; Basso et al. 2013). The ability of biochar to improve soil
water availability was related to its high specific surface area
and porous structure (de Melo Carvalho et al. 2014). In the
present study, the addition of both untreated and nutrient-
enriched biochar increased the moisture content of soil with
C3 plants (Electronic supplementary material, Fig. S1a), while
moisture content of the soils with C4 plants only increased
with the rate of untreated biochar addition (Electronic supple-
mentary material, Fig. S1b). Different responses of water con-
tent in the soils with C3 and C4 plants were attributed to their

Fig. 3 Regression analysis of the
aboveground and root carbon
isotope composition (δ13C) (a, b),
and root and aboveground
nitrogen isotope composition
(δ15N) (c, d) of C3 and C4 plants
in a pot experiment, respectively
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different water use efficiencies. It has been well known that
C4 plants have higher water use efficiencies than C3 plants,
since C4 plant can maintain high photosynthetic rates even
when stomatal conductance is low (Rawson et al. 1977;
Morison and Gifford 1983). When the C4 plants were provid-
ed with more nutrients as a result of nutrient-enriched biochar
addition, more water would be used for the growth (Fig. 2b, d)
and result in lower soil moisture content (Electronic supple-
mentary material, Fig. S1b), which could provide an explana-
tion as to why, in this study, water content of the soils with the
C4 plants did not increase following the rate of nutrient-
enriched biochar application. The significantly lower soil wa-
ter content under the nutrient-enriched biochar addition
(P<0.001) was also associated with the finding that biomass
of the C4 plants was significantly higher under the nutrient-
enriched biochar application.

4.2 Plant biomass

Many studies have demonstrated that biochar increased plant
biomass and crop yields (Major et al. 2010; Jeffery et al. 2011;
Zhao et al. 2014; Xu et al. 2015), however, both no changes
and negative effect of biochar application have also been re-
ported (van Zwieten et al. 2010; Lentz and Ippolito 2012).
Depending on soil, crop, biochar type and experimental con-
ditions, the effect of biochar on plant growth and crop yields
has been attributed to various mechanisms: (i) affecting soil
water availability by improving soil water retention or com-
petition with plants for water; (ii) influencing nutrient avail-
ability either by serving as a direct source of nutrients for plant
uptake and increasing soil nutrient retention, or competing
with plants for nutrients by adsorption; and (iii) affecting soil
N cycling. In this study, the aboveground and root biomass of
both C3 and C4 plants decreased with increasing the applica-
tion rate of untreated biochar (Fig. 2). This observationmay be
attributed to: (i) biochar reduced nutrient availability for the
plants by competing with the plants for water and nutrient, and
a previous study reported that the addition of biochar to cal-
careous soils may reduce N availability, and require additional
soil N inputs to maintain yield targets (Lentz and Ippolito
2012); (ii) volatile organic compounds, heavy metals, and/or
other contaminants associated with biochar can be deleterious
to plant growth (Chan and Xu 2009; Deenik et al. 2010; Hale
et al. 2012); and (iii) high pH as a result of the high rates of
biochar application (van Zwieten et al. 2010).

In this study, the plant growth was not limited by soil water
availability, since the pot experimentation was conducted un-
der controlled conditions with sufficient soil water. Moreover,
the increased soil water availability (Electronic supplementary
material, Fig. S1) following biochar application did not en-
hance the plant growth. However, the opposite results that the
plant biomass decreased with increasing the rate of biochar
addition (Fig. 2) were observed. Especially for the C3 plants,

although the plant water use efficiency as revealed by δ13C
was affected by the biochar-mediated soil moisture change
(Table 3), their growth was still not enhanced (Fig. 2a). The
increased soil water availability under higher rates of biochar
application could not offset the negative effect of other con-
trolling factors such as nutrient availability. This is consistent
with the finding of de Melo Carvalho et al. (2014) that the
increment of soil moisture following biochar addition did not
result in an increase in rice yield, most likely because rainfall
during the critical period for rice production exceeded
650 mm in this field study.

To offset the negative effect of biochar on plant
growth and crop productivity, both saturating biochar in
a nutrient-rich solution and applying in combined with
fertilizer have been suggested in previous studies
(Steiner et al. 2007; van Zwieten et al. 2010; Reverchon
et al. 2014, 2015). A previous study showed that saturat-
ing biochar in a nutrient solution prior to application had
a positive effect on plant growth, since the adsorption of
soil nutrients before application could reduce its compe-
tition with plants for soil nutrients. For example,
Reverchon et al. (2014) treated two types of biochar prior
to application with Hoagland’s solution, which is a wide-
ly used fertilizer in the horticultural industry to improve
soil fertility. They found that the application of nutrient-
enriched biochar had a positive effect on grain dry
weight, especially for pine biochar that was the same as
used in the present study. The biomass of both C3 and
C4 plants with the nutrient-enriched biochar application
were significantly higher than those with untreated bio-
char application (Fig. 2), indicating that nutrient treat-
ment of biochar before application could enhance the
growth of C3 and C4 plants by offsetting the competition
between biochar and plants for nutrients and thus en-
hanced soil nutrient availability. Although an increase in
plant biomass following the rate of nutrient-enriched bio-
char application was not observed in this study, our re-
sults still demonstrated that soil nutrient availability rath-
er than water availability controlled the growth of both
C3 and C4 plants under biochar additions.

4.3 Labile soil C and N pools

Labile pool of soil organic matter is an important fraction that
is available for plant and microbial use. HWEOC and
HWETN have been suggested as useful indicators of soil fer-
tility and C and N availability, since hot water extraction could
not only extract soluble C and N pools, but also components
of microbial biomass (Sparling et al. 1998). It has been report-
ed that HWEOC was highly correlated with microbial bio-
mass C and soil respired CO2 and HWETN with microbial
biomass N (Sparling et al. 1998; Chen and Xu 2005). Ghani et
al. (2003) also suggested that HWEOC could be used as an
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integrated indicator of soil quality for management practices,
since they found that HWEOC was one of the most sensitive
and consistent indicators examined at 52 different sites, and
HWEOC was positively and significantly correlated with soil
microbial biomass C, mineralizable N, and extractable total
carbohydrates. Results of this study showed that HWEOC
linearly increased with the addition rates of untreated biochar
in the soils with both C3 and C4 plants (Fig. 1a, b), indicating
that the labile soil C and N pools increased as a result of C and
N input from biochar addition. However, concentrations of
HWEOC were not enhanced following the rates of nutrient-
enriched biochar addition (Fig. 1a, b), showing that increased
nutrient input from the nutrient-enriched biochar also in-
creased soil microbial activity with more soil labile organic
C (i.e., HWEOC) being utilized. For the soils with the C4
plants, HWETN of the soils with untreated biochar addition
was significantly higher than that of the soils with the nutrient-
enriched biochar addition, and this might be due to the addi-
tion of nutrients from the nutrient-enriched biochar resulting
in enhanced uptake of N by plants from the soil.

Our research findings of significant relationships between
the aboveground and root δ13C, and between the root and
aboveground δ15N (Fig. 3) have highlighted that the plant C
balance and cycle are regulated by the above ground plant
photosynthesis, and that the plant N uptake and cycle are
mediated by soil N pools and transformations as well as plant
root N uptake. These are consistent with those reported by
Ibell et al. 2010, 2013a, 2013b and Tutua et al. (2014).

5 Conclusions

Results from this greenhouse pot experimentation and subse-
quent analysis have demonstrated that the soil water availabil-
ity was significantly increased following the application of
untreated biochar, while it was accompanied by a decrease
in plant biomass. However, the application of the nutrient-
enriched biochar clearly offset the negative effect of the un-
treated biochar application on the plant growth and signifi-
cantly improved plant biomass. It is concluded that it is the
biochar nutrient availability, rather than its water holding ca-
pacity, governed the growth of C3 and C4 plants under the pot
trial condition with effective water supply. Further study is
warranted in order to examine the role of the different types
of biochar at different nutrient and water levels for plant
growth.
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