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Application of polymers for the improvement of aggregate structure and reduction of soil erosion
may alter the availability and decomposition of plant residues. In this study, we assessed the effects of
anionic polyacrylamide (PAM), synthesized biopolymer (BP), and biochar (BC) on the decomposition
of "C-labeled maize residue in sandy and sandy loam soils. Specifically, PAM and BP with or without
1C-labeled plant residue were applied at 400 kg ha~!, whereas BC was applied at 5000 kg ha~!, after
which the soils were incubated for 80 days at 22 °C. Initially, plant residue decomposition was much
higher in untreated sandy loam soil than in sandy soil. Nevertheless, the stimulating effects of BP and BC
on the decomposition of plant residue were more pronounced in sandy soil, where it accounted for 13.4%
and 23.4% of 'C input, respectively, whereas in sandy loam soil, the acceleration of plant residue
decomposition by BP and BC did not exceed 2.6% and 14.1%, respectively, compared to untreated soil with
plant residue. The stimulating effects of BP and BC on the decomposition of plant residue were confirmed
based on activities of B-cellobiohydrolase, f-glucosidase, and chitinase in both soils. In contrast to BC and
BP, PAM did not increase the decomposition of native or added C in both soils.

C sequestration

© 2011 Published by Elsevier Masson SAS.

1. Introduction

Wind and water erosion causes annual soil losses of 75 billion
metric tons worldwide [1]. Total soil losses amounted for 6.9 billion
Mg yr—! in the United States [1] and 50 x 10 Mg yr—! in Korea [2].
The actual erosion rates for tilled and arable land in Europe are
3—40 times greater than the upper limit of tolerable erosion (1.4
tons ha~! yr™1), and this has resulted in a cost of £205 million in
England and Wales [3]. This cost is due to loss of soil organic matter
(SOM), CO, emissions, on-farm costs (fertilizers, manure, etc.),
clean-up operations, and accidents such as flooding [3]. Addition-
ally, loss of fertile topsoil reduces water quality, plant available
nutrients, crop yields, and soil quality due to soil degradation [1,2].
Accordingly, this has led to erosion control technologies receiving
a great deal of attention.

Application of polyacrylamide (PAM) and biopolymers are reli-
able soil conservation technologies [4]. The use of PAM for reduc-
tion of soil erosion has been extensively studied since the 1990s
[4,5], and PAM has become a standard method to reduce the
outflow and turbidity of runoff by improving soil structure and
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infiltration [6,7]. Moreover, increased water viscosity occurs after
application of PAM, which leads to reduced water flow and better
water retention [4,8]. Anionic PAM has also been shown to prevent
seal formation on soil surfaces and reduce soil loss [9]. PAM also
stabilizes the soil structure and reduces surface hydraulic conduc-
tivity by preventing the formation of surface seals [4]. Particle
flocculation of PAM in water with sufficient electrolytes attracts soil
particles due to coulombic and van der Waals forces, thereby
increasing aggregation [10]. The degree of adsorption of polymers
has been shown to be dependent on soil exchangeable cations, clay
content, pH, and polymer molecular size [11]. PAM efficacy has also
been shown to be high in soil with increased clay content due to the
adsorption of its molecules to clay minerals through bridging with
polyvalent exchangeable cations [10,12]. Specifically, PAM pene-
trates into aggregates and stabilizes exterior surfaces, thereby
stabilizing soil aggregates [12,13]. On the other hand, the use of
biopolymers for the prevention of soil erosion has been recom-
mended as a cost-effective alternative to PAM. Materials such
as starch, sugar, cellulose, and other compounds obtained from
chitosan, potato, corn, wheat, and xanthate are commonly used as
biopolymers [14,15]. Biopolymers are known to reduce soil loss and
runoff [15]; however, the effects of polymers on the activity and
functions of soil microorganisms are not yet clear [16].
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Biochar (BC), or biomass-derived black carbon, is a by-product
of pyrolysis and is known to improve crop yields when applied
as a fertilizer, especially under low-fertility soil conditions [17—19].
BC is produced from carbonaceous sources, plant tissues, and
natural or anthropogenic sources [20]. BC increases cation exchange
capacity (CEC) and water-holding capacity, thereby improving soil
quality and increasing SOM [21]. BC can also increase the activities
of soil microorganisms such as mycorrhizal fungi, which can
improve soil aggregation [20]. Moreover, high levels of BC have
been shown to increase C stocks in soil [22]. However, stimulation
and suppression of C mineralization in soils following addition of BC
have been reported in many studies [23]. Based on CO, evolution,
Zimmerman et al. [23] previously observed that BC produced at low
temperatures (250—400 °C) stimulated C mineralization due to
decomposition of labile components of BC over the short term.
Conversely, BC produced at high temperatures (525—650 °C) sup-
pressed C mineralization due to the sorption and physical protec-
tion of organic matter (OM) by BC [23]. Despite these positive or
negative effects, little is known about the effects of BC on soil
enzymes and the decomposing activities of soil microorganisms
[20]. Therefore, the soil-BC interaction may enhance the decom-
position of OM and plant residue.

Application of plant residue to soils is a method for reducing soil
degradation, helping to maintain [24] or even increase the OM
content of the soil [25] and replace eroded C with new organic C
[26]. On one hand, plant residue improves soil quality by increasing
the microbial biomass carbon (MBC) by 1.7-5.4 fold when
compared to soil without added plant residue [27]. In particular,
labile plant residue acts as a C or N source for microorganisms,
accelerating their decomposing activity. A labile pool of plant
residue has been shown to pass through the microbial biomass
(MB), contributing to increased microbial respiration and the
release of large quantities of CO, from the soil [25,28]. An under-
standing of the C dynamics involved in the decomposition of plant
residue is necessary to predict the effects of land use on soil C
storage [25,29,30]. In Korea, rapid decomposition of plant residue is
desired in double cropping systems in order to maintain a proper
supply of nutrients for crop growth and substrates for soil
microorganisms.

Plant residue-derived C and C from native SOM can be differ-
entiated through application of C-labeled plant residue, which
provides a precise estimate of the decomposition rate of the residue
[31] independent of SOM content and the addition of polymers.
This makes C-labeled plant residue a useful tool for investigating
C flux in plant/soil systems [25]. Changes in land use have also been
shown to lead to significant changes in the decomposition of SOM
and plant residue. Therefore, it is necessary to evaluate mineralized
C as CO, efflux from agricultural soils in response to polymer
addition.

Changes in agricultural practices such as variation in the culti-
vation of crops and the addition of plant residue can lead to higher
SOM sequestration rates [25,32]. The effects of polymers, BP, and BC
on soil microorganisms and the soil C balance are not yet well
understood [16,17]. Specifically, investigation of the decomposition
dynamics of plant residue as a source of organic C input is needed to
improve soil fertility and productivity [33].

Decomposition of plant residue is mediated by a variety of
extracellular enzymes [34] that are responsible for the initial stage
of plant residue transformation (degradation of long chain poly-
meric molecules to oligomers) as well as the final stage (production
of monomers). Increased activities of enzymes responsible for the
decomposition of cellulose, which is a major compound of plant
tissues, indicate the availability of plant residues to microbial
decomposition in the soil [35]. The activities of B-cellobiosidase and
B-glucosidase play major roles in the C cycle and cellulose

decomposition in soil [36]. Specifically, cellulose in plant residue is
broken down by B-cellobiosidase into smaller oligosaccharides
through the removal of cellobiose or glucose from the ends of the
cellulose molecules [34]. These oligosaccharides are then broken
down by B-glucosidase into glucose [36]. Application of polymeric
stabilizers to soil can alter various stages of plant residue
decomposition.

To date, decomposition of plant residue as affected by applica-
tion of PAM, BP, and BC has not been investigated. Therefore, this
study was conducted to determine if application of the aforemen-
tioned amendments in combination with plant residue can
conserve SOM by improving the physical and chemical character-
istics of soil. It was assumed that these polymeric amendments
may improve soil structure by the formation of macroaggregates,
thereby increasing the decomposition of plant residue in soil.
In addition, an improved soil-BC interaction may enhance the
accessibility of added C to microorganisms and enzymes. Specifi-
cally, improved soil properties induced by BC as a source of C may
increase microbial activity, resulting in rapid decomposition of
plant residue and SOM. However, the counterbalancing of these
controversial effects on plant residue and SOM decomposition has
not yet been demonstrated. Moreover, the effects of these polymers
in soils with different textures and chemical properties have not
been reported to date. Therefore, the effects of PAM, BP, and BC on
potential changes in SOM and decomposition of C-labeled maize
residue were evaluated in different textured soils in an incubation
experiment. Specifically, we evaluated the extracellular enzyme
activities involved in plant residue decomposition in sandy and
sandy loam soils.

2. Materials and methods
2.1. Soil sampling and properties

Two agricultural soils with different textures were evaluated.
Specifically, sandy soil was collected from an agricultural field (site
1) (128°8'51.6"E and 38°16/39.6”N), and sandy loam soil was
collected from an agricultural highland (site 2) (128°9'22.4”E and
38°16'21.7"N) adjacent to a forest in Haean Catchment, Korea. Soil
samples were collected from the upper 5 cm of the surface soil in
September of 2009 using a soil corer with an inner diameter of
6 cm. The soil pH and EC of 1:5 soil and water mixtures were
determined using a pH meter (Orion 3 Star, Thermo, USA). The
exchangeable cations were analyzed by inductively coupled plasma
(ICP) spectrometry after 1 M NH4OAc extraction [37]. Soil texture
was determined using the pipette method [38]. Soil total carbon
(TC) and total nitrogen (TN) contents were analyzed using a multi
N/C 2100 S analyzer (Analytik Jena, Germany). The soil-water
holding capacity was determined on a gravimetric basis using the
core and sieved samples [39].

The pH was much lower in sandy loam soil than in sandy soil
(Table 1). The silt and clay contents were 3.6 fold higher in sandy
loam soil than in sandy soil. The sandy loam soil also had a rela-
tively higher total carbon (TC) content and C/N ratio than did sandy
soil, as well as a higher level of exchangeable cations (Table 1).

2.2. Characteristics of soil stabilizers

Synthetic polyacrylamide polymer (PAM, Magnafloc 336, Ciba
Canada Ltd., Canada) and biopolymer (BP) were applied to both
soils in an incubation experiment. BP was synthesized from
a suspension of lignin, starch, acrylamide, and acrylic acid accord-
ing to the method described by Liu et al. [40]. Biochar BC250 (BC)
composed of 250 kg of charcoal, which was mixed into 1 ton of
compost material (50% sewage sludge + 25% freshly chopped lop,
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Table 1
Physiochemical properties of soils collected from two different locations in Haean.

Location Sand Silt Clay Texture pH EC? WHCP TC¢ TN¢ C/N NH40Ac extractable bases®
Ca%t Mg?*+ K* Na*
% dSm™! % g kg™! cmol(,) kg™!
Site 1 90.9 4.6 4.5 Sand 6.8 0.02 14.6 1.0 0.1 10.0 4.4 0.1 0.2 0.1
Site 2 67.3 259 6.8 Sandy loam 6.1 0.09 28.2 31.0 1.7 18.2 6.0 0.9 1.6 0.1

¢ Electrical conductivity.
> Water-holding capacity.
¢ Total carbon.

4 Total nitrogen.

¢ Ammonium acetate.

grass and leaves + 25% soil, and coarse wood branches (1:1)) was
purchased from Sonnenerde GmbH (Austria). Charcoal in BC con-
tained 2.73% N and 67% C, whereas PAM contained 16.2% N and
42.2% C and BP contained 5.3% N and 28.4% C.

2.3. Experimental design and incubation experiment

The experiment consisted of 16 treatments including three
factors performed four times each. The first factor was soil texture
(sandy or sandy loam), the second was soil stabilizers (PAM or BP at
400 kg ha~!, BC at 5000 kg ha~!, and untreated soil as the control),
and the third was addition of 100 mg per 30 g of soil C-labeled
(1793 DPM mg~!) plant residue (PR). To produce C-labeled maize
residue, maize plants were labeled three times in *CO, atmosphere
as described by Gocke et al. [41]. *C-PR was ground using a ball mill
(MM2, Fa Retsch) and then thoroughly mixed with 30 g of air-dried
soil containing one of the four aforementioned stabilizers. Amen-
ded soils with moisture adjusted to 70% water-holding capacity
(WHC) were placed in closed vessels and incubated at 22 °C for 80
days. Soil moisture was maintained at 70% WHC with deionized
water throughout the experiment. To trap CO,, small vials con-
taining 2 ml of 1.0 M NaOH were placed in the vessels, which were
changed at 2, 4, 8, 12, 16, 24, 34, 48, 62, and 80 days during the
incubation period for measurement of CO, and C activity. Addi-
tionally, four vessels without soil containing only NaOH vials served
as blanks.

24. CO; efflux and ™C analyses

To estimate total CO, efflux, CO; trapped in 1.0 M NaOH was
precipitated with 0.5 M BaCl,. Next, NaOH was titrated with 0.01 M
HCl using phenolphthalein as an indicator [42].

To estimate 4C0O,—C in total CO, trapped in NaOH, a 0.4 ml
aliquot of NaOH was mixed with 2 ml of scintillation cocktail
Rothiscint-22x (Roth Company, Germany) to measure C activity
after the decay of chemiluminescence. The efficiency of '4C
counting was always higher than 93%, and the measurement error
of C activity did not exceed 3%. 14CO, efflux from labeled plant
residue was calculated as the percentage of initial input C activity.
Detailed information regarding calculation of the CO, and 14C02 (%
plant residue input) efflux rates is available in Kuzyakov and Cheng
[43] and van Groenigen et al. [44].

2.5. Analyses of enzyme activity

Enzyme activities in the soil were measured using fluorogeni-
cally labeled substrates [45]. For the analyses, the following fluo-
rogenic enzyme substrates based on 4-methylumbelliferone (MUF)
were used: MUF-R-p-cellobioside for measurement of cellobiohy-
drolase activity (B-cellobiosidase EC 3.2.1), MUF-B-p-glucopyrano-
side for measurement of B-glucosidase EC 3.2.1.21 activity, and

MUF-N-acetyl-B-p-glucosaminide hydrate for measurement of
chitinase EC 3.2.1.14 activity. 1-Leucine-7-amino-4-methyl
coumarin (AMC) substrate was used for measurement of leucine
aminopeptidase EC 3.4.11.1 activity. In addition, 2 ml of 2-
methoxyethanol was used to dissolve the MUF-substrates [46].
All chemicals were purchased from Fluka (Germany). Soil samples
(0.5 g) were suspended in water (25 ml) and shaken at 220 rpm for
15 min. Next, 1.0 ml of the soil suspension was added to 1.0 ml of
the substrate solution (containing either 200 umol of MUF- or
AMC-substrate) in deep-well plates (24-wells x 10 ml, HJ-
Bioanalytik GmbH, Germany), after which the samples were incu-
bated at the temperature of the incubation experiment (22 °C) for
3 h for MUF-B-p-cellobioside and 1 h for the other enzymes. The
saturation concentrations of the fluorogenic substrates were
determined in preliminary experiments. Calibration curves were
then prepared based on the soil suspension (1 ml) and samples
containing serial concentrations of MUF or AMC (0—32 pmol, 1 ml).
To accomplish this, soil-calibration-MUF samples were added to
deep-well plates and then centrifuged (3000 rpm, 10 min). Then,
1 ml of supernatant was pipetted into 24-well microplates (Becton
Dickinson, USA), and fluorescence was measured using a Victor®
1420—050 Multilabel Counter (PerkinElmer, USA) at an excitation
wavelength of 355 nm and an emission wavelength of 460 nm
using a slit width of 25 nm. Enzyme activities were calculated as
released MUF or AMC in nanomoles per gram of bulk soil/dry
weight per hour (nmol g~ h™1).

2.6. Statistics

The standard error of the means was calculated from four
replicates of each treatment. We compared the means of the vari-
ables using three-way factorial ANOVA and Tukey’s HSD test at
a probability level (P) < 0.05 [47]. In addition, Pearson correlation
coefficients between the enzyme activities and decomposition
rates of the plant residue were estimated at P < 0.05.

3. Results
3.1. Effect of soil stabilizers on SOM decomposition

The highest CO, efflux rates were recorded after 2 days in both
soils without added 'C-labeled plant residue (Fig. 1a,b). The CO;
evolution rates decreased sharply during 2—24 days of incubation
in both sandy and sandy loam soils. Thereafter, the CO; efflux rates
became generally constant (Fig. 1). Furthermore, sandy loam soil
had a higher CO, efflux rate than sandy soil (Fig. 1a,b). In sandy
loam soil, only PAM induced a strong short-term decrease in
CO, efflux rate (26.4%; 16.2 pg C day~! g~') after 2 days of incu-
bation compared to untreated soil (22 pg C day~' g~1) (Fig. 1a).
During incubation, the effects of PAM, BP, and BC without added
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Fig. 1. CO, efflux rates (ug C day~' ¢! soil) from sandy loam and sandy soils in response to soil stabilizers without (a, b)/with (c, d) addition of plant residue (C: control soil, BC:
biochar 250, BP: biopolymer, and PAM: polyacrylamide). Error bars represent the standard error of the mean (n = 4).

4C-labeled plant residue on CO, evolution in either soil were
insignificant compared to those in untreated soil (Fig. 1a,b).

Cumulative CO, varied slightly in both soils without plant
residue after 80 days of incubation and ranged from 0.23 to 0.29
and 0.54—0.65 mg C g~ ! in sandy and sandy loam soils, respectively
(Table 2). In sandy loam soil, cumulative CO; increased by 18.2% and
12.7% in BC- and BP-amended soils after 80 days of incubation,
respectively, compared to that in untreated soil (Table 2). PAM
slightly decreased cumulative CO, in both soils compared to that in
untreated soil; however, the decrease was much greater in sandy
soil than in sandy loam soil. No significant differences in CO, efflux
rate or cumulative CO; were observed in either soil amended with
PAM compared with those of untreated soil.

3.2. Effect of plant residue on CO; efflux

The addition of plant residue led to a significant increase in total
CO; efflux from sandy and sandy loam soils to 74.7 and 106 pg C
day~! g7 respectively, compared to that from soil without plant
residue (Fig. 1c,d). PAM led to a significant decrease in CO; efflux
rate (25.4%) after 2 days of incubation from sandy loam soil,
whereas no significant differences were observed for the other
amendments compared to that from untreated soil with plant
residue (Fig. 1c). After 2 days of incubation, PAM and BC increased
the CO; efflux rate from sandy soil amended with plant residue by

15.5% and 9.6%, respectively, compared to that from untreated soil
with plant residue (Fig. 1d). Except for the first few days of incu-
bation, there were no significant effects of soil stabilizers on total
CO; efflux in soil amended with plant residue.

The effluxes of cumulative CO, for the sandy and sandy loam
soils subjected to addition of plant residue were increased by 0.79
and 1.25 mg C g, respectively, after 80 days incubation (Table 2).
No significant differences were observed upon BP and BC treatment
to sandy loam soil compared to untreated soil with plant residue
(Table 2). However, PAM decreased cumulative CO, by 11.2% in
sandy loam soil after 80 days of incubation compared to untreated
soils with plant residue. Compared to untreated soil with plant
residue, BP and BC increased cumulative CO in sandy soil after 80
days of incubation by 6.3% and 6.7%, respectively (Table 2).

3.3. Effect of soil stabilizers on 'C plant residue decomposition

There were two phases of plant residue decomposition. The first
phase occurred from days 2—24 and the second from days 24—80.
Based on 'CO, evolution (Table 3), the maximum rate of C maize
residue mineralization occurred after 2 days of incubation and
ranged from 3.5% to 10% of the input C day~. Plant residue was
mineralized for about 10% of the input %C day~! in response to
treatment with BC after 2 days of incubation in both soils. Plant
residue decomposition in sandy loam soil was significantly
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Table 2

Cumulative CO, efflux (mg C g~ soil) from sandy loam and sandy soils in response to soil stabilizers.

Treatments Incubation time (days)

2 4 8 12 16 24 34 48 62 80
Sandy loam soil
c? 0.05 c” 0.09 ¢ 0.12d 0.16 d 0.20 cd 0.25d 0.33d 0.41 de 0.50 de 0.55e
PAM 0.03d 0.08 d 0.12d 0.17 cd 0.20 cd 0.26 d 031d 039e 046 e 0.54¢e
BP 0.05c 0.09 ¢ 0.14c 0.19 cd 023c 0.28 ¢ 037c 0.45 cd 0.53 cd 0.62 d
BC 0.04 cd 0.09 ¢ 0.14 c 0.19 cd 023c 0.29 ¢ 037c 0.46 c 0.55 ¢ 0.65d
C+ PR 0.22 a 0.36 a 0.58 a 0.71 a 0.79 a 0.88 a 0.98 a 1.07 a 1.16a 1.25a
PAM + PR 0.17b 03b 0.48 b 0.60 b 0.67 b 0.77 b 0.87b 0.95 b 1.03 b 111 ¢
BP + PR 022a 0.36a 0.57 a 0.70 a 0.77 a 0.86 a 0.96 a 1.06 a 1.15a 1.19b
BC + PR 022a 036a 0.57 a 0.71a 0.77 a 0.87 a 0.98 a 1.09a 1.19a 127 a
Sandy soil
C 0.01d 0.04 b 0.05b 0.07 b 0.08 b 0.11b 0.13b 0.18 b 0.22b 027 b
PAM 0.01d 0.03 b 0.04 b 0.06 b 0.08 b 0.09 b 0.11b 0.14b 0.19b 023b
BP 0.02 d 0.04 b 0.06 b 0.07 b 0.09 b 0.11b 0.14b 0.18 b 0.23 b 0.28 b
BC 0.01d 0.04 b 0.05b 0.07 b 0.08 b 0.11b 0.13b 0.17b 0.23 b 0.29 b
C+ PR 0.16 ¢ 0.28 a 034a 040 a 045 a 0.51a 0.59 a 0.66 a 0.73 a 0.79 a
PAM + PR 0.18 a 027 a 037 a 044 a 0.48 a 0.54 a 0.61a 0.68 a 0.75a 0.81a
BP + PR 0.16 bc 0.26 a 037 a 044 a 048 a 0.54 a 0.63 a 0.71a 0.78 a 0.84 a
BC + PR 0.17 ab 027 a 035a 040 a 044 a 0.51a 0.60 a 0.69 a 0.77 a 0.85a

2 C: control soil, BC: biochar 250, BP: biopolymer, PAM: polyacrylamide, PR: plant residue addition.

b The different letters in each column indicate significant differences at P < 0.05.

decreased by 19% after 2 days of incubation in response to treat-
ment with PAM (3.5% of input C day~!) compared to that of
untreated soil (4.4% of input C day™!). After 2 days of incubation,
PAM slightly increased the decomposition rate of plant residue in
sandy soil by 4.7% of the input C day~! compared to that of
untreated soil (4.13% of input 4C day~!). BP had no significant effect
on the rate of plant residue decomposition in either soil after 2 days
of incubation compared to that of untreated soil.

After 80 days of incubation, the decomposition rate of plant
residue in sandy soil was still 50% and 75% higher in BP (0.06% of
input C day~') and BC (0.07% of input C day!)-treated soils
than in untreated soil (0.04% of input C day~'). PAM had no
significant effect on the plant residue decomposition rate in sandy
soil after 80 days of incubation compared to that of untreated soil.
In sandy loam soil, no significant differences were observed in the
plant residue decomposition rate in response to treatment with soil
stabilizers compared to that of untreated soil.

The order of cumulative 4CO, efflux after 80 days of incuba-
tion was as follows: C < PAM < BP < BC in sandy soil;
PAM < C < BP < BC in sandy loam soil (Table 3). After 80 days of
incubation, BP and BC increased cumulative 14C02 in sandy loam
soil by 2.6% and 14.1% of input '*C, whereas it increased cumula-
tive #CO, in sandy soil by 13.4% and 23.4% of input '4C compared
with corresponding untreated sandy and sandy loam soils

Table 3

(Table 3). PAM significantly decreased the decomposition rate of
plant residue in sandy loam soil during 2—24 days of incubation,
whereas there was no significant effect on cumulative “CO,
during days 24—80 compared with that of untreated soil.
However, PAM significantly increased cumulative CO, efflux in
sandy soil by 21% compared to that in untreated soil after 80 days
of incubation.

Overall, BC and BP induced an increase in plant residue
decomposition in soil compared to PAM, which led to a slight
decrease in plant residue decomposition in sandy loam soil.

3.4. Enzyme activities

Without plant residue, no significant differences in the activities
of B-cellobiosidase, B-glucosidase, chitinase, and leucine amino-
peptidase were observed in response to stabilizers in either soil
compared to those in untreated soils after 34 days of incubation
(Figs. 2 and 3). However, remarkably higher enzyme activities were
observed in sandy loam soil when compared to those in sandy soil.

Only BC with added plant residue significantly increased the
activity of B-cellobiosidase by 3.6 and 2.1 fold in sandy and sandy
loam soils, respectively, compared to those in untreated soil with
plant residue after 34 days of incubation (Figs. 2 and 3). Similarly,
BC with added plant residue induced a 1.7 fold increase in the

Cumulative CO, efflux (% of input 'C) from decomposition of *C-labelled maize residue in sandy loam and sandy soils in response to soil stabilizers.

Treatments Incubation time (days)

2 4 8 12 16 24 34 48 62 80
Sandy loam soil
(& 9.17 b° 22.19b 4429 a 55.23 b 61.25b 66.58 b 70.31 bc 72.84 bc 74.59 bc 76.44 bc
PAM 7.43 ¢ 2036 ¢ 4042 c 52.47 ¢ 58.71 ¢ 64.06 ¢ 68.31 ¢ 70.98 ¢ 7255 ¢ 7429 ¢
BP 941b 22.54b 44.74 b 56.88 b 63.19b 68.34b 72.56 b 7523 b 77.08 b 79.04 b
BC 2021 a 3541a 56.60 a 69.16 a 7441 a 80.03 a 8443 a 87.08 a 88.78 a 9047 a
Sandy soil
C 8.66 ¢ 17.48 d 2747d 33.50d 38.03 ¢ 43.84 c 50.57 ¢ 55.69 ¢ 58.75 ¢ 62.11 ¢
PAM 9.95b 21.11b 3429 b 43.05b 48.73 a 55.29 b 61.99 b 67.88 b 7121 b 75.16 b
BP 8.58 ¢ 19.46 ¢ 31.14 ¢ 39.28 ¢ 44.67 b 5153 b 60.56 b 66.98 b 70.87 b 75.49 b
BC 2091 a 30.55 a 40.64 a 4791 a 5233 a 59.82a 70.04 a 7542 d 80.00 a 8547 a

@ C: control soil, BC: biochar 250, BP: biopolymer, PAM: polyacrylamide.
b The different letters in each column indicate significant differences at P < 0.05.
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Fig. 2. Activities of cellobiohydrolase B-cellobiosidase, B-glucosidase, chitinase, and leucine aminopeptidase enzymes (nmol g~' h™') in sandy loam soil in response to soil
stabilizers (C: control soil, BC: biochar 250, BP: biopolymer, PAM: polyacrylamide and PR: 'C plant residue). Bars with the same letters are not significantly different at the 0.05
probability level.

activity of B-glucosidase in sandy loam soil compared to that in and the activities of f-cellobiosidase, B-glucosidase, chitinase, and
untreated soil with plant residue. BP with added plant residue leucine aminopeptidase is given in Table 5. Soil texture and plant
significantly increased B-glucosidase activity in sandy soil by 1 fold, residue had significant effects on the tested variables. Soil stabi-
whereas no significant difference in sandy loam soils was observed lizers had significant effects only on B-cellobiosidase activity
compared to that in untreated soil with plant residue (Figs. 2 and 3). (Table 5).

In sandy soil, BC and PAM with added plant residue increased

chitinase activity by 1.5 and 1.3 fold, respectively, compared to that 4. Discussion

of untreated soil with plant residue. PAM and BC with added plant

residue also significantly increased leucine aminopeptidase activity 4.1. Effects of soil stabilizers on SOM decomposition

in sandy soil by 1.7 and 1.4 fold, respectively, compared to that in

untreated soil with plant residue (Fig. 3). In this study, stabilizers were not found to have had significant
B-cellobiosidase activity was significantly correlated with the effects on native SOM mineralization in either soil (Fig. 1). The
14c0, decomposition rate of plant residue in sandy loam soil after 2, decomposition and chemical transformation of BC by soil micro-
34, and 80 days of incubation, with r values of 0.997 (P < 0.001), organisms is very slow, and its contribution to CO, efflux is also
0.980 (P < 0.05), and 0.950 (P < 0.05), respectively. Similarly, - very small compared to that of SOM and other sources such as plant
glucosidase activity was significantly correlated with the O, residue [48]. Moreover, Kuzyakov et al. [48] reported that oxidation
decomposition rate of plant residue in sandy loam soil (Table 4). of BC is very slow, and it might be bound to soil mineral
However, no significant correlations between f-cellobiosidase components.
activity and the CO, decomposition rate of plant residue were PAM also had no significant effect on CO; in either soil. This
observed in sandy soil, except after 2 days of incubation (r = 0.984, failure to increase CO; efflux from either soil indicates that the
P < 0.01). Chitinase activity was significantly correlated only with decomposition rates are very low [49]. These results demonstrate

the CO, decomposition rate of plant residue in sandy loam soil that PAM is highly persistent in soil and more resistant to microbial
after 2, 34, and 80 days of incubation, with r values of 0.993 degradation than other polymers [4].
(P < 0.01), 0.999 (P < 0.001), and 0.988 (P < 0.01), respectively.
There was no significant correlation between “CO, decomposition 4.2. CO; efflux and plant residue decomposition
rate and the other enzymes in sandy soil (Table 4).

Three-way factorial ANOVA showing the effects of soil texture, Decomposition of plant residue contributed to the significant
plant residue, and amendments on cumulative CO,, 4CO, efflux, increase in total CO, efflux compared to that in soil without added
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Fig. 3. Activities of cellobiohydrolase p-cellobiosidase, B-glucosidase, chitinase, and leucine aminopeptidase enzymes (nmol g~ h™!) in sandy soil in response to soil stabilizers
(C: control soil, BC: biochar 250, BP: biopolymer, PAM: polyacrylamide) with or without plant residue. Bars with the same letters are not significantly different at the 0.05
probability level.

14¢C residue (Fig. 1). These results were in accordance with those of indicated by the higher activity of chitinase in soil amended with
many other studies [e.g. [23,50]]. Previous studies [51,52] have BC. Similar findings on plant residue decomposition have been
shown that BC increases the decomposition of ryegrass and reported in response to changes in land use in studies conducted by
switchgrass residues. BC application also induced higher enzyme Dilly and Munch [53] and Chen et al. [25]. The mineralization rate of

activities due to improved soil chemical properties, resulting in the available part of fresh plant residue is highest during the first 24
faster decomposition of plant residue compared to that in days of incubation [54]. Our findings are similar to those of Chen
untreated soil. The activities of soil microorganisms increased as et al. [25], who found that addition of plant residue to soil leads to
Table 4

Pearson correlation coefficients (1) between *CO, decomposition rate of plant residue and the activity of B-cellobiosidase, f-glucosidase and chitinase in sandy loam and sandy
soils.

14C0, decomposition rate (% of input '“C day—') Enzymes activities (nmol g~! h™1)

2 days 34 days 80 days B-celliobiosidase B-glucosidase Chitinase
Sandy loam soil
14C0, decomposition rate after 2 days of incubation 1.000%** 0.991%** 0.970* 0.997** 0.946* 0.993**
14C0, decomposition rate after 34 days of incubation 1.000*** 0.990** 0.980* 0.981** 0.999***
14C0, decomposition rate after 80 days of incubation 1.000%** 0.950* 0.990** 0.988**
B-celliobiosidase (nmol g~' h™1) 1.000%** 0.923 0.983+*
B-glucosidase (nmol g~' h™1) 1.000%+* 0.978*
Chitinase (nmol g~ ' h™ ') 1.000%**
Sandy soil
14C0, decomposition rate after 2 days of incubation 1.000*** 0.802 0.786 0.984** -0.832 0.887
14C0, decomposition rate after 34 days of incubation 1.000%+* 0.997** 0.783 —0.674 0.774
14C0, decomposition rate after 80 days of incubation 1.000%** 0.780 —0.622 0.730
B-celliobiosidase (nmol g~' h™!) 1.000%+* —0.719 0.791
B-glucosidase (nmol g~' h™1) 1.000%** —0.989%**
Chitinase (nmol g~' h™1) 1.000%**

Correlation significant levels: P < 0.05, "P < 0.01 and "~ P < 0.001.
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Table 5

Multifactor ANOVA showing the effects of soils, plant residue and amendments on the tested variables.

Source DF Cumulative CO, Cumulative 4C0, B-cellobiosidase B-glucosidase Chitinase Leucine aminopeptidase
P>F

Soil 1 <0.0001*** 0.0004*** <0.0001*** <0.0001*** <0.0001*** <0.00071***

Plant residue 1 <0.00071%*** - <0.00071*** <0.0007*** <0.0001%*** <0.0007***

Amendments 3 0.0002 *** <0.0001#** <0.0011** 0.3178 0.1798 0.0819

Error MS 0.003 14.551 3093.303 43,195.429 14,511.980 112,817.480

R? 0.978 0.814 0.740 0.771 0.747 0.884

Significant levels: *P < 0.05, **P < 0.01 and ***P < 0.001.

increased decomposition of litter based on 14COz evolution.
Furthermore, Chen et al. [25] previously showed that the decom-
position rates of maize residue in soil range from 4.7% to 5.8% of
the input 1C day~! after 2 days of incubation, whereas they are
0.04% and 0.05% of the input C day ! at the end of the incubation
period.

The two phases of plant residue decomposition observed in our
study indicate 1) rapid decomposition of easily available
compounds in plant residue (sugars, starch, cellulose, and simple
proteins) and 2) very slow decomposition of substrates that were
not readily available (lignin and phenolic compounds) [25].

The effect of PAM differs according to the type of soil it is applied
to as well as its interaction with residue in the soil [16]. PAM may
not be useful as an amendment for sandy soil since its efficacy is
highly dependent on clay content [12]. However, in our study, BP
and BC consistently increased the decomposition rate of plant
residue. These results can likely be attributed to the higher activi-
ties of decomposing microorganisms or higher substrate avail-
ability due to aggregation after addition of soil stabilizers. Soil
aggregates and chemical properties play essential roles in the
availability of SOM or plant residue to the microbial biomass (as
evaluated by enzyme activities) [55].

4.3. Enzyme activities

We investigated the activities of B-cellobiosidase, f-glucosidase,
chitinase, and leucine aminopeptidase since they reflect different
parts of the C and N cycles [56]. Decomposition of cellulose in plant
residue occurred during 34 days of incubation and was found to be
responsible for the major loss of litter mass in the soil in a study by
Teklay [33]. The high activity of the cellulolytic enzymes B-cello-
biosidase and B-glucosidase observed in our study after 34 days
suggest a shorter period of cellulose decomposition than that re-
ported by Teklay [33]. The slower decomposition of leaf residue in
the study conducted by Teklay was likely due to a higher total
polyphenol content in the stem residue in their study compared to
that in the present study [33].

Cellulose in plant residue is an insoluble molecule that is broken
down by cellobiohydrolase into smaller oligosaccharides through
the removal of cellobiose or glucose from the ends of cellulose
molecules [34]. B-glucosidase leads to the breakdown of oligosac-
charides into glucose, as well as soluble C and carbohydrates [36].
During the initial stage of decomposition of plant residue, B-cel-
lobiosidase decomposes polymeric cellulose molecules and
releases cellobiose, after which it cuts monomers from oligomeric
compounds such as cellobiose and releases glucose, which is used
as an energy source for microbial biomass [34,35].

B-glucosidase is an index of high microbial activity and
contributes to the decomposition of plant residue [57]. This enzyme
is produced by a variety of bacteria and fungi and appears to play
a vital role in the decomposition of cellulose [35].

Based on correlation coefficients between the #C0O, decompo-
sition rate of plant residue and enzyme activities, -cellobiosidase

was determined to be the most effective enzyme after 34 days of
plant residue decomposition in either soil (Table 4). These results
indicate that decomposition of cellulose was responsible for the
major loss of plant residue [33]. The highly significant correlation
between chitinase activity and '#CO, decomposition rate of plant
residue (observed only in sandy loam soil) indicates that fungi
made a greater contribution to decomposition than did plant
residue in sandy loam as compared to in sandy soil [28]. Therefore,
soil texture was a major factor controlling the decomposing
microorganisms in the soil as indicated by significant correlations
with cumulative CO,, 'CO, evolution, and enzyme activities
(Table 5). Specifically, the higher contents of C and N, clay, and
exchangeable cations in sandy loam soil compared to sandy soil
may have contributed to the higher enzyme activities. Turner et al.
[36] observed that B-glucosidase activity is positively correlated
with the chemical and physical properties of soil such as clay
content and TC. Furthermore, enzyme activities are related to the
soil organic C content, which is relatively higher in sandy loam soil
when compared to that of sandy soil in our study [58]. Compared to
previous studies [59], the low contents of soil C, N, and exchange-
able cations contributed to the low rate of plant residue decom-
position in sandy soil compared to that in sandy loam soil in the
present study [25,26]. The lower C/N ratio (10—18.2) in our study
indicates that the high litter quality increased the decomposition
rate of plant residue by microbial biomass to balance the nutrients
required to build their cells [33,53].

In this study, we observed high activity of leucine aminopepti-
dase after the addition of PAM and BC to both soils amended with
plant residue. These findings could be due to the fact that proteins
in plant residue contain about 16% N and decompose easily [28].
Stimulation of the degradation of proteins and N-rich substances by
BC could be attributed to increased aminopeptidase activity.

After 34 days of incubation, BC and BP stimulated soil micro-
organisms, leading to a significant increase in extracellular enzyme
activities and subsequently faster decomposition of plant residue,
thereby promoting the growth of soil fungi [28]. This is partly
associated with better soil aeration after the formation of larger
aggregates stimulated by the addition of BC and BP to soil amended
with plant residue. In the present study, during the first days of
incubation, soil stabilizers increased the decomposition of the
labile fraction of plant residue by improving the physical and
chemical properties of the soil.

Taken together, BC and BP only increased microbial activity in
soil amended with plant residue, which is similar to the finding that
CO; is only increased after activation of microorganisms with
glucose [56]. BC improved the soil quality by increasing the CEC,
nutrient retention, and the physical and biological properties of the
soil [19,23] (based on higher activities of B-cellobiosidase, B-
glucosidase, and aminopeptidase). The effectiveness of PAM is
greater in soil with high clay content since it increases the number
of charged sites available for bonding compared to that in poorly
structured soil [60]. Accordingly, PAM had a minor effect on poorly
textured soils with low levels of exchangeable cations.
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5. Conclusions

The effects of PAM, BP, and BC on decomposition of SOM and 4C
maize residue were evaluated based on cumulative CO, and 4C0O,
efflux during 80 days of incubation. Compared with unamended
soils, the addition of BC stimulated the highest decomposition rate
of "C-labeled plant residue in either soil, followed by BP. The
highest cellobiohydrolase, B-glucosidase, and chitinase activities
were observed in BC-amended soil, followed by BP-amended soil.
B-cellobiosidase was the major enzyme responsible for plant
residue decomposition in both soils after 34 days of incubation.
Analysis of enzyme activities indicated that there were higher
microbial activities in the sandy loam soil than in the sandy soil.
The results of 3-way factorial ANOVA indicated that soil texture was
a major factor controlling decomposition of plant residue. Soil
texture is an important factor controlling the decomposing
microorganisms in the soil. For instance, the lower enzyme activity
in sandy soil led to a lower decomposition rate of plant residue
compared with that in sandy loam soil. In addition, our study
revealed a higher contribution of fungi to the decomposition of
plant residue in sandy loam soil compared to that in sandy soil
based on a highly significant correlation between chitinase activity
and the 'CO, decomposition rate. Further research is needed to
understand the effects of polymers on C sequestration, especially in
long-term incubation experiments. Due to the readily available C in
the tested BC in our study, we recommend the addition of BC as an
effective agricultural practice in Korea in areas in which rapid
decomposition of plant residue is needed between crop seasons. In
addition, PAM can be recommended as a carbon conservation
technology.
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