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Abstract A hydrologically contained field study, to assess
biochar (produced from mixed crop straws) influence upon
soil hydraulic properties and dissolved organic carbon
(DOC) leaching, was conducted on a loamy soil (entisol).
The soil, noted for its low plant-available water and low soil
organic matter, is the most important arable soil type in the
upper reaches of the Yangtze River catchment, China. Pore
size distribution characterization (by N2 adsorption, mercury
intrusion, and water retention) showed that the biochar had a
tri-modal pore size distribution. This included pores with di-
ameters in the range of 0.1–10 μm that can retain plant-
available water. Comparison of soil water retention curves
between the control (0) and the biochar plots (16 t ha−1 on
dry weight basis) demonstrated biochar amendment to

increase soil water holding capacity. However, significant in-
creases in DOC concentration of soil pore water in both the
plough layer and the undisturbed subsoil layer were observed
in the biochar-amended plots. An increased loss of DOC rel-
ative to the control was observed upon rainfall events.
Measurements of excitation-emission matrix (EEM) fluores-
cence indicated the DOC increment originated primarily from
the organic carbon pool in the soil that became more soluble
following biochar incorporation.

Keywords Biochar . Soil . Pore size distribution .Water
holding capacity . DOC . EEM fluorescence

Introduction

Biochar, a carbon-rich porous material produced from the py-
rolysis of biomass, has gained considerable interest in recent
years as a chemically and biologically stable carbon pool
(Lehmann et al. 2006) and also a soil amendment for various
purposes, including improvement of soil quality, increase of
crop yield, and remediation of contaminated soil (Laird et al.
2010; Ahmad et al. 2014; Veksha et al. 2014; Nelissen et al.
2015). Despite the growing number of studies on soil amend-
ment with biochar, biochar’s effect is soil type dependent, and
the claimed positive effects are still largely unknown for many
infertile and drought-prone soils (e.g., entisols). More impor-
tantly, there is a clear need to upscale results from laboratory
and pot studies to long-term field experiments.

In general, few scientific literatures have been published
with respect to the influences of biochar on soil physical prop-
erties under field circumstances in temperate regions
(Atkinson et al. 2010; Asai et al. 2009). The meta-analysis
by Jeffery et al. (2011) indicated biochar to be able to improve
acidic soils by a liming effect and soils with a coarse or
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medium texture by increasing soil water holding capacity.
However, several other studies from field trial have showed
little effects of biochar on soil hydraulic properties (Karhu
et al. 2011; Case et al. 2013; Tammeorg et al. 2014). The
inconsistency in the results among the studies is mainly attrib-
uted to the great differences in soil types and regional climate
conditions. Biochar’s properties that are determined by feed-
stock type and pyrolysis conditions also play important roles
in their impacts on soil. Moreover, land and pot trials are often
short-time, it is obviously important to better understand bio-
char’s long-term effects under field cropping conditions so
that reliable evaluation of benefits or negative effects of bio-
char amendment can be appreciated.

Soil porosity and pore size distribution (PSD) are physical
characteristics that are crucial to the understanding of bio-
char’s effects on soil properties. The pore distribution is even
more important than the total porosity since water and gas
transport in soil are controlled by the specific volume of pores
within certain size range. Thus, characterization of PSD both
for the biochar alone and the biochar-amended soil can help us
better explain mechanisms for the potential effects of biochar
on soil.

On the other hand, as compared to the large number of
current studies focused on biochar’s effects on carbon seques-
tration in soil, there have been relatively fewer investigations
on its effects on the leaching of dissolved organic carbon
(DOC) and underlying mechanism (Hockaday et al. 2007;
Mukherjee and Zimmerman 2013), while this is a very impor-
tant aspect concerning the long-term effects on the quality of
both soil and the ambient aquatic environment. Changes in
DOC compositions caused by biochar application, if they oc-
cur, could be important particularly if this DOC can be
transported to drinking water sources. Where these waters
are treated, aromatic carbon in DOC can be a problem as it
is a major reactive source in the formation of disinfection
byproducts (DBPs), which reduce water quality and are toxic
to human health (Korshin et al. 2002). Biochar-derived aro-
matic carbon has been detected in ground water and rivers
through leaching from soil (Hockaday et al. 2007;
Guggenberger et al. 2008). Chow et al. (2006) reported not
only DOC production but the proportion of DBP precursor to
be increased under flooding conditions and wet-dry cycles.
Therefore, there is a need to examine biochar’s potential ef-
fects on the DOC formation and leaching from the amended
soils (particularly in the field). Excitation-emission matrix
(EEM) fluorescence spectroscopy has been extensively used
to track and characterize DOC in both natural and engineered
water systems (Henderson et al. 2009) but seldom used in
researches with related subjects to this study.

To address the gaps in knowledge, a Chinese commercial
biochar produced from pyrolysis of mixed crop straws was
applied to a sloping farmland entisol at field-plot scale. This
study was carried out after 1 year of biochar application. The

objectives include (1) to characterize biochar properties and
particularly its PSD feature by using a combination of three
complementary PSD characterizationmethods; (2) to examine
the effects of biochar amendment on soil water holding capac-
ity; (3) to examine the biochar effects on DOC transport out of
the soil plots; and (4) to apportion changes in DOC concen-
tration to either biochar itself or natural soil organic matter
sources using EEM fluorescence spectroscopy.

Materials and methods

Source of biochar

The commercial biochar used in this study (referred to as BC
hereafter) was purchased from Sanli New Energy Company
located at Shangqiu, Henan, China. Biochar was made from
slow pyrolysis (at 500 °C) in fluidized bed furnace on a scale
of 1000 t day−1. From every ton of mixed crop straws as
feedstock, 0.3 t biochar was produced, along with co-
products including 0.25 t pyroligneous acid, 0.03 t wood tar
and 780 m3 gases.

Characterization of biochar properties

Proximate analysis of the biochar was conducted in duplicate
following American Society for Testing and Materials
(ASTM) method D5142. Moisture was measured by heating
the biochar at 105 °C to a constant weight. The dehydrated BC
(kept in covered crucibles) was then heated in a furnace at
450 °C for 1 h to determine its mobile matter based on weight
loss. Ash content was then measured after heating the BC in
uncovered crucibles at 750 °C for 1 h. Finally, resident matter
was calculated by the difference between the initial weight and
the summed weight of moisture, mobile matter and ash
contents.

Ultimate analysis (C, H, N, S, and O) was determined on
the dry basis of BC by an elemental analyzer (Flash EA 1112
series, CE Instruments, UK). Oxygen was determined by
weight difference. pH and electric conductivity were mea-
sured in a suspension of BC/deionized water (1 g:5 mL) using
a digital pH/conductivity meter (Orion, Thermo Electron
Corp., Waltham, MA, USA). Particle size distribution was
determined by a ParticaLA-950A laser scattering particle size
analyzer (Horiba Instruments, Kyoto, Japan). Surface mor-
phology was examined by a scanning electron microscope
(SEM; S-2350, Hitachi, Tokyo, Japan) after gold coating.

The biochar textural properties were measured by N2

adsorption/desorption isotherms at 77 K using a nano-
porosity system (NOVA-1200, Quantachrome Corp.,
Boynton Beach, FL, USA). The BC was vacuum-degassed
for 6 h at 473 K prior to measurement. The obtained isotherm
data were fitted to Brunauer-Emmett-Teller (BET) model for
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the calculation of specific surface area and total pore volume,
and Barret-Joyner-Halender (BJH) model for pore size distri-
bution (PSD), respectively.

PSD was also measured using an AutoPore III mercury
porosimeter (Micromeritics Instrument, Norcross, GA,
USA). The biochar was oven-dried at 105 °C, vacuum-
degassed, and intruded with mercury in step-wise pressure
increments in the range from 0.0036 to 413 MPa. PSD was
determined using the Washburn equation (1921):

P ¼ 2γHgcosθ

r
ð1Þ

where P is the external pressure (Pa) in the vacuum chamber,
γHg is the surface tension of mercury 0.48 J m−2, θ is the
contact angle of mercury (140°), and r is the radius (m) of
cylindrical pore aperture.

Thirdly, the biochar was packed into cutting rings, saturat-
ed with tap water, and then analyzed for PSD by measuring
the drying water retention curve under stepwise increased suc-
tions in a sandbox and pressure chambers (this is a standard
method commonly used to characterize pore system of soil).
Method details are described in the section that follows.

Field plot scale experiment

Experimental site

The experimental site is located within an agricultural catch-
ment (31° 16′ N, 105° 27′ E) in the hilly area of central
Sichuan, southwest China. The area is dominated by a loamy
soil that is classified as entisol (USDA Taxonomy). The soil
was formed by fast weathering of the parent mudrock and is
the most important arable land resource in the upper reaches of
Yangtze River, China. According to meteo-records of the past
two decades, annual mean temperature and precipitation at the
site are 17.3 °C and 826 mm, respectively, with ca. 85 % of
annual rainfall occurring between May and September.

Field biochar application to soil

Six experimental filed plots were randomly selected from a
total of 36 long-term (over 10 years) sloping farmland plots in
this study (as shown in the Supplementary Material, SM1).
The field trial involved one factor with two treatments (with
three replicates): 0 and 16 t ha−1 biochar application (on oven-
dry weight base). The size of each plot was 3×8 m2. The
biochar application rate of 16 t ha−1 corresponds to
6.0 g kg−1 soil (5.0 g C kg−1 soil) assuming an incorporation
depth of 0.2 m with a bulk density of 1.35 g cm−3. During
biochar application, each plot was subdivided into sub-plots of
1 m2 to which 2.0 kg of fresh biochar (equivalent to 1.6 kg dry
mass) was weighed and applied by hand. This work was done

on a light rainy day in May 2013 so that biochar dust losses
were avoided. The biochar was incorporated into soil through
tillage several days after application. Cropping in rotations of
winter wheat and summer maize were continued in these field
plots as before. Biochar effects on soil properties were exam-
ined after the biochar had been aged in the soil over a year, so
that likely transient effects within short term after biochar
application could be avoided.

Sampling of soil, soil water, and leachate

Three kinds of samples were taken from the field plots includ-
ing (i) soil for the measurement of water-extractable organic
carbon (WEOC); (ii) undisturbed soil core for the analysis of
water retention curve; and (iii) soil pore water and leachate
collected during rain events for the examination of DOC
transport.

As shown in Fig. 1, soil samples (5 g each, three replicates)
were taken from each plot at depths of 10 and 40 cm,
representing the plough layer and undisturbed subsoil layer,
respectively. WEOCwas obtained from extracting 5 g soil in a
25 mL of 5 mmol L−1 CaCl2 solution. The vessels were shak-
en for 2 h in a 25 °C water bath and then centrifuged. The
supernatants were 0.45 μm filtered and tested for DOC con-
centrations using an Auto Analyzer 3 TOC analyzer (SEAL
Analytical, Norderstedt, Germany).

Soil core samples of 100 cm3 volume (three replicates)
were taken from two depths (2.5–7.5 and 12.5–17.5 cm) in
the plough layer of the three control plots and three biochar-
amended plots. No samples were taken from the subsoil layer
as we assumed that biochar application caused no marked
physical changes in pore system of this soil layer. The collect-
ed cores were stored at 4 °C in laboratory fridge before the
measurement of water retention curve.

A total of 12 1900 series porous-cup lysimeters
(SoilMoisture Equipment Corp., Goleta, CA, USA) were
installed at the lower slope of each plot at depths of 10
and 40 cm (Fig. 1) to collect soil pore water. All the
samplers were emptied with a syringe and vacuumed to
keep a low-tension state (with a maximum tension of
80 kPa) prior to rainfall event. Soil solutions were collect-
ed as soon as the rain stopped. Leachate from the farm-
land, if generated, was also collected with a bucket.
Samples were immediately 0.45 μm filtered and deter-
mined for DOC concentration. DOC flux from each plot
was then calculated based on the DOC concentration and
total volume of leachate discharge. The sampling cam-
paigns were carried out for a series of rainfall events
during the period from August to October 2014. Data of
rainfall and average daily temperature were presented in
Fig. 2, with dates marked on which samples of soil pore
water and leachate were collected.
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Analysis of water retention curve

Same methodology for the measurement of soil water retention
curves (SWRCs) and analysis were carried out for undisturbed
soil cores taken from the field plots and the packed cores of
biochar alone. The ring size for the biochar was custom-made
as 2.5 cm (height)×1.2 cm (i.d.), 5 mm thickness. All the cores
were saturated with tap water prior to measurement.

SWRCs were constructed by measuring soil water content
at 12 soil matric heads (−1, −2.5, −10, −30, −60, −100, −340,
−510, −1020, −2040, −5100, and −15,300 cm) according to
Cornelis et al. (2005). A sand box apparatus (i.e., hanging-
water column method) was used for the pressure heads rang-
ing from −1 to −100 cm, while pressure plates (Soilmoisture
Equipment Corp., Santa Barbara, CA, USA) were used for
−340 to −15,300 cm. After equilibrium was reached at −15,
300 cm in the end, soil cores were oven-dried at 105 °C for

24 h, after which bulk density and water content could be
calculated on a volumetric basis.

Porosity (∅) was calculated as

∅ ¼ 1−
ρb
ρs

ð2Þ

where ρb and ρs are the bulk and particle densities (g cm−3),
respectively.

The water content vs pressure head data were fitted using
the function of van Genuchten (1980):

θ hð Þ ¼ θr þ θs−θr
1þ αhð Þn½ �m ð3Þ

where θ is the volumetric water content (m3 m−3), h is pressure
head (cm) (taken as a positive value), θr and θs are the residual
and saturated water contents (m3 m−3), respectively, α (cm−1),
n, and m (=1−1/n) are empirical parameters.

Soil physical parameters were derived from the SWRCs,
including soil matrix porosity (θm), macroporosity (MacPor),
air capacity (AC) and plant-available water capacity (PAWC).
θm is defined as the volumetric water content retained by soil
textural pores (exclusive of macropores), which corresponds
to pore diameters of ≤75 μm. Thus, MacPor refers to pores
with diameter ≥75 μm. AC is an indicator of soil aeration, and
PAWC is a parameter indicating the capacity of the soil to
store and provide available water to plant roots. These param-
eters were calculated as follows (Reynolds et al 2007):

MacPor ¼ θs−θm ð4Þ
AC ¼ θs−θFC ð5Þ
PAWC ¼ θFC−θPWP ð6Þ
where θm was determined at the matric head of −40 cm in this
study; θFC and θPWP are the volumetric water contents at field
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Fig. 1 Schematic of six
experimental plots (three
replicates with two treatments), an
individual biochar-amended plot
(S-BC) and sampling for soil (red
circles), undistured soil core
(black circles), soil pore water
(from lysimeters) and leachate
(from collecting tank)
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Fig. 2 Precipitation and average daily temperature in the area of the
experimental field from August to October 2014. Dates for sampling of
soil pore water (orange triangle) and leachate (gray triangle) were
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capacity (h=−340 cm) and at permanent wilting point (PWP)
(h=−15,300 cm), respectively.

Moreover, since each SWRC has a unique inflection point
where the shape of SWRC changes from convex to concave,
another parameter was defined as the inflection slope (Sinf),
which can be used as a measure of soil microstructure. A more
negative Sinf indicates a better soil physical quality. It was
calculated using the following equation (Dexter 2004):

Sinf ¼ −n θs−θrð Þ 2n−1
n−1

� � 1
n−2ð Þ

ð7Þ

PSDs were calculated as the derivative of the equivalent
θ(r) curve converted from the fitted SWRCs, where r (μm) is
the maximum equivalent radius of pore that remains full of
water at a given pressure head h (cm). Here, r can be calcu-
lated from h using the Young-Laplace equation (Vomocil and
Flocker 1965):

r ¼ 1490

hj j ð8Þ

Analysis of fluorescence spectroscopy

For soil pore water and leachate samples, EEM fluorescence
was measured using an Aqualog spectrofluorometer made by
Horiba JY (Edison, NJ, USA) with a 3.5-mL quartz cuvette
(light path 10 mm×10 mm, bandpass 5 nm, integration time
0.5 s). The excitation and emission wavelength ranges were
200–460 and 270–600 nm, respectively, both at 5 nm incre-
ments. EEM spectra were obtained by presenting fluorescence
intensity as a function of excitation-emission wavelength co-
ordinates. Blank EEM spectrum obtained for MilliQ water
was subtracted from each sample’s EEM to remove back-
ground fluorescence. UV absorbance was measured simulta-
neously for each sample and used to account for inner filter
effects (IFE) using the Origin-based Aqualog® software pack-
age. Also, both Rayleigh-scattering lines were removed.
Given that we only examined the relative changes of fluores-
cence, spectral data were not normalized to water Raman or
quinine sulfate units.

The obtained EEM spectra were processed using the fluo-
rescence regional integration (FRI) technique (Chen et al.
2003; Gerrity et al. 2012). Briefly, cumulative fluorescence
intensity (ϕi) that quantifies overall response of particular frac-
tion of fluorophores beneath EEM region i can be determined
as (Hernandez-Ruiz et al. 2012):

ϕi ¼
X
ex

X
em

I λexλemð ÞΔλexΔλem ð9Þ

where Δλex and Δλem are the excitation and emission wave-
length intervals on the EEM contour map, respectively, and

I(λexλem) is the fluorescence intensity at any selected
excitation-emission wavelength coordinates.

Statistical analysis

Independent and paired t tests were used to examine whether
the biochar treatment was different from the control regarding
soil hydro-physical properties and DOC leaching. The analy-
sis was conducted using SPSS 17.0 for Windows (IBMCorp.,
Armonk, NY, USA), with all significance being two-tailed.

Results and discussion

Basic properties of biochar

Most of the measured parameters (as listed in Table 1) of the
commercial biochar used in this study are in the same range as
those reported for other biochar products made from pyrolysis
of crop straws (e.g., wheat, rice, maize) at around 500 °C in
the literature (Ahmad et al. 2014), indicating the pyrolysis
temperature and feedstock type may have determining effects
on the properties of final product. For instance, the biochar has
a pH in the alkaline range, and a high ash content (being
attributable to abundant mineral salts of Si, K, Ca, and Al in
the biomass of crop straws (Lee et al. 2013)). The C content of
around 83 % as well as low molar ratios of H/C and O/C
indicates the biochar’s carbonaceous and aromatic texture.

Table 1 Characteristics of the commercial biochar used in this study

BC

Ultimate analysis

% Carbon 83.38

% Hydrogen 1.82

% Nitrogen 1.47

% Sulfur 0.32

% Oxygen 13.01

H/C 0.26

O/C 0.12

Proximate analysis

% Moisture 16.62

% Volatile matter 19.76

% Ash 60.68

% Fixed carbon 2.94

pH (1:5 w/v) 10.22

EC (dS m−1) 2.60

N2 adsorption isotherm

BET surface area (m2 g−1) 69.7

Total pore volume (cm3 g−1) 0.11

BJH most probable pore size (nm) 3.11
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Moisture content, however, is much higher than most
laboratory-made products. This is likely due to the use of
water in the industrial cooling process of biochar production.
Particle size distribution of the biochar is not uniform (as
shown in Fig. 3), consisting of 38 % of <0.25 mm fraction,
38 % of 0.25–1 mm fraction, and 24 % of 1–3 mm fraction,
respectively.

The biochar had a BET surface area of ca. 80 m2 g−1. This
value was noted to be smaller than reported values for bio-
chars made from similar feedstock and pyrolysis conditions.
Strong positive correlations between the BET specific area
and pyrolytic temperature have been observed in many previ-
ous studies (Mukherjee et al 2001). For instance, the BET
values may increase drastically from the range of several to
tens of square meters per gram for wood and grass biochars
prepared at below 500 °C to several hundred when the tem-
perature increased above 600 °C. This suggests that 400–
600 °C is a transitional range of thermal stability wherein
feedstocks go through rapid weight loss and carbonization,
resulting in a high surface area (Ahmad et al. 2014). The high
ash content may have reduced the BET value of the biochar

used in this study by hindering the formation of microporous
structure. However, the biochar might be cost-effective in
sorbing certain organic micro-pollutants in soil due to its high
aromaticity (Kookana 2010).

Characterization of biochar pore system using
a combination of different methods

Nitrogen adsorption is perhaps the most commonly used ap-
proach to determine pores with equivalent radius <100 nm
(Greeg and Sing 1982). According to definition of the
International Union of Pure and Applied Chemistry
(IUPAC), the results of the N2 adsorption-desorption iso-
therms (not shown) indicate that the biochar is dominated by
mesopores (2 nm<d<50 nm). Also, the type of the hysteresis
loop and the calculated pore size distribution (PSD) show that
pores within the biochar particles are mainly in slit shape with
size in the range of 3–6 nm.

Suffice it to say, though, that the use of N2 adsorption
isotherm merely is not adequate for the characterization of
biochar inner pore system. As can be clearly observed using
SEM scan (Fig. 3), there are abundant channels and pores with
radius much larger than 100 nm. These pores, particularly of
several tens of micrometers in radius, may be a key factor in
influencing water retention and permeability of a soil
amended with biochar.

In this regard, the present study utilized two liquid media,
mercury and water, to examine details of biochar pore organi-
zation. Mercury porosimetry uses the non-wetting properties
of mercury to gain information on the porous characteristics of
solid materials and is extremely suitable for those showing a
broad distribution of pore sizes or abundant macropores (Lee
et al. 2013; Zhang and You 2013), while water retention is
mostly used to predict the soil water storage, water supply to
the plants (field capacity) and soil aggregate stability (van
Genuchten 1980). This is the first time the conventional water
retention method for soil was used to characterize biochar
alone.

Corresponding PSDs obtained from the three methods are
presented as the logarithmic differentiation dv/dlogd plotted
against a logarithmically spaced pore diameter (d)
(Supplementary Material, SM2). Three distinct pore size
ranges, <0.1 μm, 0.1–10 and 10–100 μm, were identified by
mercury porosimetry. The range of 0.1<d<10 μm was found
to be the most prominent and in a normal distribution, which
corresponds to the pores that could retain plant-available wa-
ter (field water capacity that can be defined as water retained
in pores under pressure heads between −340 cm and −15,
300 cm). It is likely that the pores with the size <2 μm could
be formed on the surface of cell wall structures of the feed-
stock, while the larger pores up to 100 μmmay have originat-
ed via pyrolysis treatment from the vascular structure of the
feedstock. The observation of a small distribution in the range
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of <0.01 μm was consistent with the results of N2 adsorption
but not well resolved in the porosimeter. This finding was also
in agreement with the relatively small microscopic surface
area of the biochar, as discussed previously. The third size
range of larger pores over 10 μm did not show a normal
distribution, which could be attributed to the heterogeneity
of the packing voids between the biochar particles rather than
inner pores or cavities.

Water retention data obtained by the combination of
sand box and pressure plate methods are presented over
the whole moisture range from saturation to dryness.
Different from infusing gas or mercury into the sample
channels under pressure, this approach first saturated the
biochar with water and then dehydrated under a series of
defined pressures that caused water to flow out of the
sample until hydraulic equilibrium was reached (Dane
et al. 2002). Significantly, this approach emulates water
release (e.g., to plants) rather than water loading during
wetting. It is also worth mentioning is that pore size clas-
sification in soil science is different from that used in
material science. For instance, pores with diameter be-
tween 2 and 50 nm are defined as mesopores by colloid
and surface chemists. In contrast, according to the Soil
Science Society of America (SSSA) (2008), pores are di-
vided into cryptopores (<0.1 μm), ultra-micropores (0.1–
5 μm), micropores (5–30 μm), mesopores (30–75 μm),
and macropores (>75 μm). As shown in Supplementary
Material, SM2, there are two major distributions with
peaks at 0.5 and 100 μm, respectively. The peak corre-
sponding to pores of approximately 1 μm was in agree-
ment with the second distribution observed by the mercury
porosimetry but of much lower magnitude. The other larg-
er peak with size above 100 μm was in the range of
macropores according to SSSA, which was also consistent
with findings by porosimetry but of greater magnitude and
shifted towards larger diameters. Similarly, observations of
macropores with diameters larger than 10 μm in various
biochars have also been reported in previous studies
(Brodowski et al. 2005; Zhang and You 2013; Lu et al.
2014).

Figure 4 presents the combined results of PSD curves as
determined by the three analytical methods. As for the over-
lapping pore size ranges characterized by different methods,
the method that obtained data with larger magnitude was used.
Our results support using the combined methods to gain a
detailed PSD over a wide range of equivalent pore size from
0.001 to 1000 μm. The apparent multi-modal PSD indicates
the existence of a heterogeneous pore system of the tested
biochar. That includes (according to SSSA): cryptopores in
the size range of 0.002–0.01 μm that are significant for the
adsorption and fate of nutrients and small molecule chemical
compounds; micropores with diameter in the range of 0.1–
10 μm that can hold plant-available water, and meso- and

macropores that are particle-packing related. These informa-
tion together may be useful in explaining the potential effects
of biochar amendment on soil properties, particularly the soil
PSD and resulting water holding capability.

Effects of biochar application on soil water holding
capacity

Figure 5 shows the measured soil water content θ(h) and fitted
curves (SWRCs) using van Genuchten (1980) soil water re-
tention model and corresponding pore size distributions for
the soil cores taken at two depths (0–10 and 10–20 cm) in
the plough layer of field plots with and without biochar treat-
ment, respectively. Good fit between the predicted and ob-
served water contents was achieved for both depths of soil
with two treatments. It was observed that the SWRCs of the
biochar-treated plots were significantly different from those of
the controls (p<0.05, n=11).

The corresponding soil physical properties and quality in-
dex derived from the fitted SWRC are listed in Table 2. There
was a slight decrease in bulk density and increase in total
porosity due to the addition of relatively low density biochar
particles to the soil. The increased Sinf index derived at the
inflection point of the van Genuchten SWRC for the biochar-
treated soil demonstrated improved soil physical qualities as
compared to the control treatment. The calculated plant-
available water capacity (PAWC) increased from the range
of 0.047–0.049 to 0.056–0.068 m3 m−3 upon biochar amend-
ment, demonstrating an increase (though not significant) in
the soil’s capability to hold plant-available water and thus
enhance its resistance to drought. Our results are consistent
with those of some previous studies that have indicated soil
water holding capacity to be significantly increased when
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Fig. 4 Pore size distribution (PSD) of the experimental biochar as
determined by the combination of N2 adsorption, mercury intrusion and
water retention method
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biomass char material was added (Dugan et al. 2010; Karhu
et al. 2011).

As shown in Fig. 5b, d, the experimental soil exhibits a
bimodal PSD, with two major peaks occurring at equivalent
pore diameter of ca. 1.0 and 50 μm, which are in correspon-
dence to the textural and structural pores, respectively. For
both treatments, the dominance of pores with diameters
>10 μm could lead to quick water draining out of the soil
upon rainfall events through such PSD and particularly
macropores as gravity flow.

Application of the biochar did not change the overall
bimodal distribution feature of the soil; however, con-
siderable differences were observed between the control
and the biochar treatment. The pore distribution shifted
toward smaller pore size range, as reflected by observed
greater content of smaller pores (0.1–10 μm) and lower
content of larger pores (10–1000 μm), despite that the
total porosity of the soil was not significantly changed.
Such changing trend was consistent for both soil depths.
The raised proportion of textural pores may increase the
volume of water influenced by surface forces causing
constrained mass flow and thus decrease rapid move-
ment of water under ponded conditions.

The soil pore structure and water holding capacity can be
affected by biochar amendment in two ways. Firstly, biochar

itself can hold water in its inner pores and thereby increase the
soil water content directly. The potential of such improvement
can be determined by the PSD of the packed core of experi-
mental biochar. Our results in this study confirmed the pres-
ence of pores with diameters between 0.1 and 10 μm in the
biochar that can retain plant-available water. Additionally, oth-
er factors such as the total pore volume and hydrophilic func-
tional groups on biochar surface may have also contributed to
the enhanced soil WHC, though these effects could be some-
what limited in consideration of the very small amount of
biochar added to soil. In contrast to direct influence of biochar
on soil water, it can also afford indirect outcomes through its
interaction with the soil. Such indirect influences may have
been developed over the 1 year of ageing process that was
allowed between biochar incorporation and data collection.
Such Binteraction-effects^ have been proposed to be more
complex than the binary mixing of two different porous
media (Peake et al. 2014). Jien and Wang (2013) argued
that the redistribution of the proportion of soil aggregate
sizes to be a critical factor in influencing the physical
properties of the soil. The incorporated biochar particles
could function as a binding agent that connects soil
microaggregates to form larger ones and increases pore
connectivity and thus improves the soil structure, which
in turn increases the soil’s water holding capability.
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Fig. 5 Fitted water retention
curves to measured data (average
±SD, square symbol) using van
Genuchten (1980) model and
corresponding pore size
distributions of soil cores taken at
depths of a–b 0–10 cm and c–d
10–20 cm in the plough layer of
field plots with (S-BC) and
without (S) biochar amendment.
For all regressions, R2>0.98, n=
11, p<0.01 (two-tailed)
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Effects of biochar application on DOC transport
and quality

DOC concentrations of soil pore water and leachate

Figure 6 shows the concentrations of dissolved organic carbon
(DOC) in soil pore waters collected in the plough layer of both
the control and biochar-treated field plots upon four rainfall
events. Through all rainfalls, the application of biochar to soil
significantly increased (p<0.05) the amount of water soluble
organic carbon in the layer where biochar was incorporated (at
10 cm) as compared to the control. For the undisturbed subsoil
(at 40 cm), DOC concentration was also increased but to a
relatively less extent than the top soil, which could be attrib-
uted to the vertical transport of DOC. Consistently, the amount
of water-extractable organic carbon (WEOC) of the soil was
observed to be higher in the biochar treatment (0.0195mg g−1)
as compared to the control (0.0157mg g−1). As many previous
studies have indicated that biochar addition can increase the
soil organic matter (SOM), which is partially contributed from
the labile fraction of the biochar carbon (Karhu et al. 2011),
we obtained similar results that the SOM in the plough layer
was increased by 2.6–4.5 g kg−1 due to biochar amendment
(Table 2). This study also confirmed consistent effects of

biochar amendment on soil organic carbon by the measure-
ments of SOM, WEOC of soil, and DOC of soil pore water at
the same time.

As for the leachate, flow samples were obtained only in
two of the total five rainfall events, and no surface runoff
occurred upon all rainfall events. The results show that DOC

Table 2 Comparison of soil
properties and van Genuchten
hydraulic parameters between the
control (S) and biochar-amended
soil (S-BC) at two depths in the
plough layer of field plots

0–10 cm 10–20 cm

S S-BC S S-BC

Clay (%) 21.2±0.72 18.4±0.32a 19.5±0.40 20.9±3.26

Silt (%) 51.7±4.09 44.4±2.29a 59.0±5.82 52.8±8.16

Sand (%) 27.1±4.16 37.3±2.38a 21.6±6.18 26.2±5.05

Soil organic matter (g kg−1) 12.4±0.55 16.9±1.56a 9.8±1.84 12.3±1.54

Bulk density (g cm−3) 1.2±0.13 1.1±0.04 1.4±0.08 1.4±0.15

Porosity (m3 m−3) 0.56±0.05 0.58±0.01 0.46±0.03 0.48±0.06

α 0.75±0.59 0.31±0.06 0.22±0.58 0.26±0.12

n 1.3±0.11 1.4±0.04 1.3±0.18 1.3±0.08

m 0.25±0.05 0.28±0.02 0.21±0.10 0.22±0.05

Sinf 0.07±0.008 0.08±0.009 0.05±0.013 0.06±0.014

θr(m
3 m−3) 0.19±0.02 0.19±0.00 0.22±0.07 0.19±0.06

θs (m
3 m−3) 0.61±0.05 0.59±0.02 0.52±0.06 0.53±0.03

θFC (m3 m−3) 0.26±0.04 0.26±0.05 0.31±0.01 0.29±0.02

θPWP (m
3 m−3) 0.21±0.05 0.21±0.07 0.26±0.03 0.22±0.02

θm (m3 m−3) 0.32±0.02 0.35±0.03 0.38±0.02 0.35±0.03

MacPor (m3 m−3) 0.29±0.04 0.24±0.05 0.14±0.04 0.17±0.07

AC (m3 m−3) 0.35±0.01 0.33±0.02 0.21±0.03 0.25±0.02

PAWC (m3 m−3) 0.047±0.008 0.056±0.004 0.049±0.010 0.068±0.009

Values are average±S.D. Lower case letters indicate significant differences (p<0.05) between control and bio-
char treatment at a given depth (α, n, andm are parameters obtained by fitting the van Genuchten equation to the
measured retention data

θr residual water content, θs saturated water content, θFC water content at field capacity, θPWP water content at
permanent wilting point, θmmatrix porosity,MacPormacroporosity, AC air capacity, PAWC plant available water
capacity
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flux significantly increased from 272 to 346 mg m−2 after
biochar addition to soil (p<0.05). Thus, it is clear that biochar
amendment could enhance the formation and loss of DOC
from the farmland field, even after 1 year of ageing.

Compositional changes in DOC

In addition to the examination of changes in DOC concentra-
tions, fluorescence excitation-emission matrix (EEM) spec-
troscopy of both soil pore water and leachate samples was
analyzed to identify the compositional changes in DOC.
Examples of the obtained EEM spectra were shown in the
Supplementary Material, SM3. The range of wavelengths for
each EEM is limited by an upper Rayleigh-scattering bound-
ary that occurs when the excitation and emission wavelengths
are equal and also a secondary-order scattering boundary that
occurs at emission wavelengths that are approximately twice
the values of the excitation wavelengths (both scatterings have
been removed via data processing). Based on the fluorescence
regional integration technique, EEM was divided into three
regions, as outlined on one spectrum in SM3, with their cor-
responding λex/λem ranges on the EEM contour map being
250–300/310–390 nm (region I), 250–300/390–520 nm (re-
gion II), and 300–420/310–520 nm (region III), respectively.
Operationally, DOC fluorophores in these regions are
assigned to protein-like species or soluble microbial products
(SMPs), fulvic-like, and humic-like species, respectively
(Henderson et al 2009).

By visual observation, biochar treatment resulted in higher
intensities in all EEM regions as compared to the control.
However, due to the fact that values of DOC vary between
samples and that the fluorescence intensity is generally corre-
lated positively with DOC concentration, direct comparison of
original EEM spectra between the samples gives very limited
information. In this light, the total intensity for each DOC
component was calculated with the intensity normalized by
DOC concentration of each sample.

The obtained results are shown in Fig. 7. Generally, the
proportion of the three distinct groups of fluorophores follows
the order of fulvic-like>humic-like>protein-like species for
both soil pore water and leachate samples and also for both
treatments, being consistently associated with their soil-
related qualities. The contribution of the protein-like species
to the sample DOC should be very small in consideration that
this group of fluorophores usually has a quite high fluores-
cence efficiency. The soil pore water collected in the plough
layer (10 cm) has a relatively greater fluorophore content per
unit of DOC than that in the subsoil layer (40 cm), which is
probably due to the abundance of crop debris and plant resi-
dues in the surface soil that could yield highly water soluble
organic carbon such as protein, cellulose and polysaccharide
(Boyer and Groffman 1996; Stevenson and Cole 1996). The
leachate has the lowest content of fluorophores.

As compared to the control, biochar amendment led to an
increased content of fluorophores of all groups in the DOC ma-
trix. This observation was also consistent with no exception for
all investigated rainfall events. In spite of the increased amount of
fluorophore species, on the other hand, none of the proportional
distribution of the fluorophores, the index of aromaticity
(SUVA254), and humification had been significantly changed
(p>0.05; data not shown). Thus, we assume that the DOC incre-
ment in biochar-amended plots came primarily from the soil
organic carbon pool rather than the direct contribution from the
biochar itself. This makes sense due to the fact that the weight
percentage the biochar added to soil is very small on the one
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chromophoric components of dissolved organic carbon (DOC) for a–b
soil pore water and c leachate collected upon a rainfall event (Sept. 11,
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hand, and the biochar-derived DOC is different from the soil-
originated components whose differences can be identified in the
EEMon the other hand (Jamieson et al. 2014).We also argue that
the effects of biochar application lie in the interactions between
biochar and SOMwhich involve complicated microbial and fer-
mentation processes that together will determine the production
and speciation of DOC (Aguilar and Thibodeaux 2005). Also,
the process of DOC formation is strongly influenced by the
factors including temperature, soil water content, and in particu-
lar wet-dry cycles (Chow et al. 2006). Future work is needed to
fully understand the biochar’s role in these processes under vary-
ing field moisture conditions on the basis of examination of
relevant mechanisms.

Conclusions

To sum up, application of a commercial biochar increased the
plant-available water capacity (PAWC) of the studied soil. The
use of a combination of three pore size distribution character-
ization methods, N2 adsorption, mercury intrusion, and water
retention, showed that the biochar has a heterogeneous pore
system showing tri-modal distribution. It should be noted the
pores in the size range of 0.002–0.01 μm that are significant
for the fate of nutrients and small molecule contaminants,
while the pores with diameter between 0.1 and 10 μm are
important for retaining water available to plants. Biochar
amendment increased PAWC in the experimental soil from
the range of 0.047–0.049 to 0.056–0.068 cm3 cm−3.
However, accelerated leaching of carbon in the form of dis-
solved organic carbon (DOC) upon rainfall events was ob-
served even a year after biochar application. Biochar treatment
also increased soil organic matter content, water-extractable
organic carbon in the soil and DOC concentration in soil pore
water and leachate. Future work is needed to continuously
monitor and evaluate the long-term effects of biochar applica-
tion on the farmland soil properties and carbon cycling and
transformation at interfaces between air-soil-groundwater.
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