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Abstract
The symbiotic relationship between plants and mycorrhizal fungi can play an important role in enhancing
nutrient uptake from the soil. Many New Zealand farm soils have elevated levels of phosphorus because of
regular, long term, application of phosphate fertiliser. Much of this phosphate is not available to plants. This
study aimed to investigate the effect of biochar on mycorrhizal growth and subsequent phosphorus uptake by
white clover and ryegrass. The experiment was conducted in a 3×2×2 factorial design, including two biochar
produced from pine at different final pyrolysis temperature (350 and 550°C), mycorrhizal inoculation (Glomus
sp. arbuscular mycorrhiza) and phosphate rock, respectively. The soil sample was provided from the 10cm
surface horizon of an Egmont black loam. The pots were filled with the soil sample mixed with biochar applied at
10 tha-1.Phosphate rock was applied at a rate of 70 kg ha -1. The seeds were inoculated by Glomus sp. arbuscular
mycorrhizae before sowing. The ryegrass also contained the endophyte, AR37. Dry weight, phosphorus and
nitrogen concentrations of plant tissue were measured68 days after sowing. There was an increase in both
phosphorus uptake and dry weight in plants grown with the high temperature biochar (B550). There was
significant increase in phosphorus uptake and herbage yield in clover plants if inoculated by mycorrhizal fungi.
The results demonstrated that biochar have the potential to affect the nutrients in soil and microbial activity.
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Introduction

organics due to a high specific surface area. The

Phosphorous is a necessary macronutrient and a very

micro–pores of biochar affect the population of soil

important part of pasture farming in New Zealand.

micro-organism

Intensive dairy systems in New Zealand rely on

protection from soil faunal predators and a food

elevated pasture production based on optimal grazing

source in the form of adsorbed organic compounds

conditions through the year (MacLeod and Moller

(Briggs et al., 2012). The application of biochar as a

2006). Perennial ryegrass (Lolium perenne L.) and

soil amendment can be beneficial to plant hosts due

white clover (Trifolium repens L.) are forage species

to increased mycorrhizal fungi abundance and/or

widely used in pastoral livestock systems in New

functionality in soil (Warnock et al., 2010; Rillig and

Zealand (Kemp et al., 2010). Usually, phosphorus (P)

Mummey,

fertilisation is essential in New Zealand farming in

symbiosis. It has been argued that biochar application

order to maintain high herbage production and

increased soil nutrient availability and enhanced

provide this key macronutrient for plant growth,

mycorrhizal root colonisation by the improvement of

especially considering that soils generally show low P

soil characteristics (Ishii and Kadoya, 1994). Biochar

saturation (Monaghan et al., 2007). P fertilisation has

can directly improve plant productivity (Schulz and

been applied in New Zealand farms for 100 years,

Glaser, 2012) by increasing soil nutrient content and

causing an increase in total P content of the topsoil

the availability of the soluble forms of nutrients, even

(Moir et al., 1997), mainly as insoluble-, non-

as a potential P source with high-agronomic efficiency

available-P.

(Wang et al., 2012 A). The improvement of nutrient

significantly

2006)

by

by

to

enhancing

providing

plant–fungus

retention can explain the indirect effect of the biochar
Mycorrhizal fungi can increase the availability of

addition in soil (Lehmann et al., 2003). Therefore

phosphate and help plants to take up phosphate and

biochar application and mycorrhizal fungi can both

increase available-P reserves (Trolove et al., 2003).

improve plant productivity, however the specific

Generally, the nutrient uptake from soil solution, and

mechanism(s) of biochar on mycorrhizal fungi

water acquisition, increased when plants were

remains largely unknown(Lehmann et al., 2011;

inoculated with mycorrhizal fungi (Oseni et al.,

Warnock et al., 2007).

2010).
For investigating the role of mycorrhizal fungi when
Biochar is a carbon-rich substrate produced by

biochar is added to soil in detail, our study pursued

pyrolysis (IBI 2012; Lehmann et al., 2011) used as soil

the subsequent objectives: i) to assess the effect of

amendment amenable to induce changes on soil

biochar amendment on herbage production and

structure, water-holding capacity, soil fertility and

nutrient uptake in absence of chemical fertilisers; ii)

micro-organism abundance and/or functionality,

to compare the effect of pyrolysis temperature; iii) to

including mycorrhizal fungi (Kloss et al., 2013; Sun

study influence of fungi when soil P retention is high

and Lu 2013; Warnock et al., 2007). The particle size

and a P-fertiliser of low availability is added. A sward

distribution of biochar is also an important property

composed by ryegrass and clover, very productive in

of biochar (Cetin et al., 2004), as it can have a greater

New

effect on soil than type of feedstock or conditions of

conditions, mixed with biochar produced from pine at

pyrolysis (Zimmerman, 2010; Angers and Recous,

two different temperatures, 350 and 550°C.

Zealand,

was

grown

under

greenhouse

1997). Physical properties of biochar, such as
porosity, depend upon its particle size distribution.

Materials and method

Biochar with different pores can affect differently

Biochar characteristics and soil properties

physical and chemical characteristics of soils. The

Pine (Pinus radiata D. Don) logging slash residues

macro–pores of biochar increase the water-holding

were used as feedstock. Two biochar substrates were

capacity of soils and adsorption of water-soluble

produced by slow pyrolysis in a 5 L gas-fired rotating
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drum kiln, as described by Calvelo Pereira et al.

Mokoia in South Taranaki, New Zealand. The site

(2011),

heating

supports highly productive dairy farming and has

temperatures (HHT), 350°C, and 550°C (B350 and

been farmed continuously since European settlement

B550, respectively). Full control of the heating rate

of the area over 100 years ago (Moir et al., 1997). The

was not possible, but temperature changes and mean

soil hasallophanic clays that react with phosphorus

heating rates were monitored. After cooling, the

fertiliser to significantly limit its availability and has

biochar was homogenised and sub-samples were

high P retention. Chemical characteristics of the soil:

taken for: i) to determine the particle size distribution

33.3 mgP kg-1(Olsen-P), 1.11 mgN kg-1and a pH value

by using dry-sieving method; and ii) chemical

of 6.2.

using

two

different

highest

characterisation and thermal analysis (finely ground
biochar; < 500 µm).

Greenhouse experience setup
A greenhouse experiment was conducted at the Plant

Biochar samples (100 g, n=3) were sieved by

Growth Unit, Massey University, Palmerston North,

weighting aliquots that were passed through 8 sieves:

New Zealand. PVC pipes (15 × 20 cm2) used as pots,

2, 1, 0.5, 0.25, 0.15, and 0.053 mm. Data were

were divided into three compartments of equal size.

calculated as the proportion of the initial aliquot mass

The

in the different size fractions defined: > 2, 2 – 1, 1 –

compartment by a 30 µm film that mycorrhizal

0.5, 0.5 – 0.25, 0.25 – 0.15, 0.15 – 0.053, < 0.053

hyphae could grow through to access nutrients in the

mm

second compartment. The hyphae were prevented

and

finally

cumulative

distribution

was

calculated (Figure 1).

plant

roots

were

confined

to

the

top

from growing into the third compartment by a filter
film with a pore size of 0.45 µm.

Biochar pH and electric conductivity (EC) were
measured (n = 2) using ground charcoal in deionized

A factorial design (3×2×2) was used by a completely

water (1:20 w:v) after 1.5 hours shaking (Rajkovich et

randomized design (CRD) with 4 replications. The

al., 2012). Total C, hydrogen (H) and nitrogen (N)

three factors used here were: i) biochar amendment,

contents were determined with a vario MACRO cube

including 3 levels [no amendment, addition of B350,

CHNS

(Elementar

addition of B550; dose of biochar was always 10 t ha-1

Analysensysteme GmbH, Hanau, Germany). The ash

(biochar was deployed in the first compartment)]; ii)

content was determined by thermal analysis with a

fungi presence, including 2 levels (M0, no mycorrhizal

thermo-gravimetry

TA

inoculum added, M1,mycorrhizal inoculum added);

Instruments, Melbourne, Australia) (Calvelo Pereira

and iii) phosphate-rock addition, including to levels

et al., 2011). Oxygen content was estimated as

(P0, no phosphate rock addition, P1, addition of 70 kg

follows: O = 100 – (C + H + N + ash) (all expressed as

phosphate-rock ha-1). Glomus sp. arbuscular fungi

weight %). Thermo-gravimetric (TG) and derivative

were used as mycorrhizal treatment. As phosphate

(DTG) curves were obtained with the SDT Q600

rock has low water solubility, it will not diffuse

instrument described earlier and the volatile matter

through the film and it was assumed that P could only

content (dry matter basis) and the stable, thermo-

be made available through interactions with soil

resistant fraction or fixed C (dry matter basis)

micro-biota. The control treatment was the one with

determined (n = 3) by following the method described

soil alone.

elemental

analyser

analyser

(SDT

Q600,

by Calvelo Pereira et al. (2011). Biochar available N
and P were measured following procedures described

Common pasture plants were grown in the PVC pipes

by Wang et al. (2012 A and B).

filled by the corresponding amendments. Six seeds
each of Tetraploid ryegrass Base containing the

Soil from the A horizon was collected from an Egmont

endophyte AR37 (Lolium multiflorum Lam) and

black loam, a Typic Orthic Allophanic Soil, from

conquest white clover (Trifolium repens) were sown
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in each pot. The seeds of white clover were inoculated

similar. The effective size (D10) was recorded at 0.35

with Glomus sp. arbuscular mycorrhizal fungi. These

mm of diameter. The particle size between 1 and 2mm

were thinned to 4 plants of each per pot after 7 days

was the most common (60 – 70%) in the biochar used

sowing. The soil moisture of pots was maintained at

in this study (Figure 1). The main chemical

field capacity. No additional N or P fertilisation was

characteristics of biochar substrates used in this study

provided. Pots were left in a greenhouse and

are summarised in Table 1. Both biochar substrates

maintained at ambient temperature for ~10 weeks.

had a basic pH, with values of 8.4, and 9.8 for B350

The plants were harvested after 68 days of growth.

and B550, respectively; EC values were below 0.5 mS

Fresh weight recorded and biomass dried at 65°C for

m–1 (Table 1). Carbon content was moderately high

at least 24 hours prior to analysis. The foliage was

(B350: 756 g kg–1; B550: 892 g kg–1) and N contents

analyzed for total nitrogen and total phosphorus

were always <4 g kg–1. The atomic H:Corg ratio was

content by Kjeldahl method.

lower for B550 (0.31) than in B350 (0.58); their
respective O:Corg ratios were 0.05 and 0.19 (Table 1).

Statistical analyses

Ash content was always < 20 g kg–1. Moisture content

Collected data was performed using analysis of

was always very low (≤ 2.5%). B350 had more volatile

variance (ANOVA) using SAS program (SAS Institute,

matter content (35.5%) than B550 (11.1%). The

Cary, NC, USA, 2003) and differences between

relative contribution of fixed C to the Corg content was

individual means were determined using Tukey’s

79 and 98% in B350 and B550, respectively. B550 has

Studentized test at the 5 and 1% level of probability.

a high content available N (369 g kg–1) and a low
content of available P (54 g kg–1) (Table 1).

Results and discussion
The particle size distribution of B350 and B550 was
Table 1. Relevant chemical properties of biochar sproduced from pine feedstock used in this study. HHT: highest
heating temperature; EC, electrical conductivity; Fix.C: fixed C; VM: volatile matter.
Biochar
HHT / °C
Property
pH (H2O)
EC / mS m–1
Corg / g kg–1
N / g kg–1
H / g kg–1
O / g kg–1
Ash / g kg–1
Fix.C / g kg–1
VM / %
Moisture / %
Atomic ratio
H:Corg
O:Corg
Available N / mg kg–1
Available P / mg kg–1

B350
350

B550
550

8.4
0.09
756.0
3.2
37.0
196.1
7.7
597.1
35.5
2.5

9.8
0.47
892.0
3.7
23.0
62.8
18.5
870.9
11.1
1.0

0.58
0.19
90.0
72.0

0.31
0.05
369.0
54.0

The dry weight (DW) of ryegrass and white clover

to the main effect of treatments than ryegrass. The

plants was differently affected by treatments; ryegrass

highest dry weight of clover plant was recorded when

biomass constituted on average 90% of DW of the

the plant was treated by mycorrhizal fungi, phosphate

herbage (Figure 2). As shown in Figure 2a-b, it

rock and biochar produced at 550°C (B550) together.

appears that white clover responded more positively

However, the dry weight of ryegrass plant increased
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by the addition of biochar made at 350°C (B350)

biochar and mycorrhizal inoculation showed no

conjunction

significant difference between treatments in both

with

mycorrhizal

fungi

and

the

phosphate rock application.

treated plants (Table 2). As shown in Table 2 and
Figure 2c, the significant simple and interaction

There was a decrease in the phosphorus content of

effects of biochar amendment and mycorrhizal

white clover tissue as compared to control when the

inoculation on phosphorus content in ryegrass tissues

phosphate rock was applied with the biochar made at

were not observed.

high temperature (B550). The interaction effect of
Table 2. Statistical summary of ANOVA analysis. DM, dry matter; Rye, ryegrass; WC, white clover; n.s., not
significant.
Variable
DM accumulation
P concentration
Source
Rye
WC
Rye
A*
n.s.
n.s.
n.s.
M*
n.s.
0.080
n.s.
P*
n.s.
n.s.
n.s.
A×M
n.s.
n.s.
n.s.
A×P
n.s.
n.s.
n.s.
M×P
n.s.
n.s.
n.s.
A×M×P
n.s.
n.s.
n.s.
* A: Amendment, M: Mycorrhiza, P: P addition.

WC
0.083
0.006
n.s.
n.s.
n.s.
n.s.
0.002

N concentration
Rye
WC
0.014
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

with

biochar

Uptake
P
0.004
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

addition,

N
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

However, the amendment with biochar produced at

decreased

whereas

the

high temperature (B550) increased white clover

opposite was true for white clover (Figure 2e-f). The

phosphorus content when it was added with

nitrogen concentration of white clover herbage always

mycorrhizal fungi and phosphate rock (Figure 2d). As

tended to increase when the biochar produced at high

shown in Table 2 and Figure 2c, the significant simple

temperature was present (Figure 2f).

and interaction effects of biochar amendment and
mycorrhizal inoculation on phosphorus content in

Considering pasture mix response, addition of

ryegrass tissues were not observed. Therefore it can

biochar

be concluded that the plants tissues phosphorus

phosphorus uptake by the sward (Figure 3). The

content was depended on the kind of plants.

biochar produced at 550°C (B550) increased the

significantly

(P≤0.05)

affected

the

tissue phosphorus content compared to control and
the low temperature biochar (B350) (Figure 3; Table
2). The mycorrhizal inoculation and phosphate
application tended to increase the phosphorus
content (Figure 3a). This was plant-dependent, as
commented above. Considering the total herbage, no
clear effect on N uptake was detected (Figure 3b).
The results demonstrated that there was an increase
in both phosphorus uptake and dry weight in plants
Fig. 1. The particle size distribution of biochar
samples.
Regarding N uptake, each plant showed a specific
pattern. The nitrogen content of ryegrass herbage
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grown with the biochar made at a highest heating
temperature of 550 °C (B550). There was a
significantly more phosphorus and a higher dry
weight in clover plants that were inoculated with
mycorrhizal

fungi

(Figures

2).

There

was

a
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corresponding decrease in N content of the plant

availability (Gundale and DeLuca, 2006; Matsubara

tissue. This was probably that the biochar addition

et al., 2002). It was also noted that increasing in soil

caused to amend the soil characteristics and

nutrient availability may cause to enhance host plant

microorganism

mycorrhizal

response and raise tissue nutrient concentration in

fungi. Biochar as a soil amendment can play an

addition to higher colonization rates of the host plant

important role to enhance plant–microorganism

roots by mycorrhizal fungi (Rillig and Mummey,

symbiosis. It can be observed in the nitrogen content

2006; Warnock et al., 2010). Of course, there are a

of white clover tissue because this plant can fix

number of complexities within the growth patterns

nitrogen by a symbiotic life (Figure 2e-f). It was

and interactions of plants grown in the different

reported that biochar by amending soil physical and

treatments that could be explored further. Therefore

chemical

it

activity,

properties

particularly

can

affect

soil

nutrient

can

be

the

next

challenge

in

that

area.

Fig. 2. Effect of biochar amendment (NIL, B350 and B550), mycorrhizae inoculation (M 0 and M1) and phosphate
rock addition (P0 and P1) on: i) dry weight (DW) of ryegrass (a) and white clover (b); ii) plant P content of
ryegrass (c) and white clover (d); and iii) plant N content of ryegrass (e) and white clover (f). Average values (n =
4) are shown; vertical bars represent +SEM.
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Fig. 3. Average values (n = 4) for (a) P and (b) N uptake (kg ha–1) for the pasture sward studied, considering
biochar amendment (NIL, B350 and B550), mycorrhizae inoculation (M0 and M1) and phosphate rock addition
(P0 and P1). Vertical bars represent +SEM.
Conclusions
The hypothesis set for this study was that ryegrass
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