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Effect of biochar addition on leaf-
litter decomposition at soil surface
during three years in a warm-
temperate secondary deciduous
forest, Japan
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The addition of biochar to the forest floor should facilitate efficient carbon sequestration. However,
little is known about how biochar addition effects litter decomposition, which is related to carbon

and nutrient dynamics in forest ecosystems. This study evaluated the effect of biochar addition on

leaf litter decomposition in a forest ecosystem. To examine whether leaf litter decomposition was
stimulated above and below biochar, litterbag experiments were carried out for about 3 years in a field
site where biochar was added at the rate of 0, 5 and 10 t ha—2(CO, C5 and C10 plots) to the forest floor
in a temperate oak forest, Japan. Biochar addition at C10 significantly enhanced litter decomposition
below biochar for 2 years after treatment and above biochar for 1 year after treatment. Litter water
content in biochar plots tended to increase under dry conditions. Biochar addition enhanced litter
decomposition because of increased microbial activity with increased moisture content and accelerated
the decomposition progress rather than changing the decomposition pattern. However, the carbon
emission through changing leaf litter decomposition was small when compared with the carbon
addition by biochar, indicating that biochar could be an effective material for carbon sequestration in
forest ecosystems.

Biochar is a product of thermal degradation of organic matter like plant residues in the absence of oxygen'.
Biochar was used as a soil conditioner for increasing plant productivity and harvest of crops in agricultural eco-
systems in ancient times>. Biochar is carbon-enriched, in most cases more than 60%, and is recalcitrant to decom-
position in comparison to the original biomass, and hence can remain in the pedosphere for 100-1000 years®=°.
Biochar addition to ecosystems therefore has great potential in terms of carbon sequestration’. Forest ecosys-
tems would be expected to be effective targets for carbon sequestration, because they have high productivity and
occupy vast areas of terrestrial ecosystems.

The increase in plant productivity is caused by physical and chemical changes in the pedosphere (soil porosity
and water holding capacity, soil pH, cation exchange capacity, and nutrient availability) through biochar addition®®.
In addition, it was also reported that biochar addition changes the microbial community composition and stimu-
lates microbial activity through these physical and chemical changes’. These changes in the microbial community
were associated with enhanced decomposition of soil organic matter (SOM) in some forest ecosystems!*-'2. The
potential for carbon sequestration within an ecosystem would be decided by the balance of improving the carbon
fixation ability of plants, increasing the soil carbon stock as biochar, and enhancing the decomposition of organic
matter. Nevertheless, there is little research about the effect of biochar addition on SOM decomposition in forest
ecosystems.
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The pedosphere of forest ecosystems is composed of distinct layers, such as organic and mineral soil layers.
In particular, the organic soil layer, which is located on the soil surface and is constructed mainly of leaf litter,
is enriched with labile carbon and is likely decomposed faster than the bulk SOM. Litter decomposition is con-
trolled by litter properties (chemical components), microbial and fauna properties (community composition and
activity), and environmental conditions (temperature and moisture)'®. Some studies have reported that biochar
addition would improve soil environmental conditions such as pH, aeration and water holding capacity, and
change the microbial activity, community composition and diversity>®. Therefore, litter decomposition is pre-
dicted to be most affected by biochar addition to the forest floor.

Abiven and Andreoli' reported that under controlled conditions charcoal did not promote litter decompo-
sition. In addition, the application of biochar decreased net carbon dioxide (CO,) mineralization from mixtures
of soil and willow litter by 20% over a 90-day period in a laboratory experiment'®. Because these studies were
performed under controlled conditions, these impacts of biochar might be different from the impacts under field
conditions. In contrast, in field experiments, CO, fluxes from the soil surface, including the litter layer, increased
with biochar addition in boreal forest'®. This result indicated that litter decomposition might be enhanced by bio-
char addition although it was not distinguished whether the released CO, was derived from the litter layer or the
mineral soil layer. In addition, fire-derived charcoal might have enhanced the decomposition of fine larch roots in
alitterbag experiment in boreal forest!”. This result would suggest that charcoal might enhance the decomposition
of labile organic matter associated with plant residues in the field. It is unclear, however, how biochar addition
effects litter decomposition during long-term field experiments in forest ecosystems.

We hypothesized that biochar addition would enhance litter decomposition through changes in soil physi-
ological and biological conditions in the litter layer. To test this hypothesis, different amounts of biochar were
added into the forest ecosystem floor of temperate oak forest in Japan. We investigated whether biochar addition
impacted on leaf litter decomposition for about 3 years.

Materials and Methods

Study site. The experiment was carried out in a deciduous secondary forest of Honjo Waseda Research Park,
Saitama, Japan (36°12'57” N, 139°10'18” E). The area is categorized as warm temperate, with annual mean tem-
perature of 15.0°C and a total annual precipitation of 1286.3 mm (1981-2010). The forest is dominated by oak
(Quercus serrata), the tree density on the site was 383 trees ha™', and the understory vegetation is bamboo grass
(Pleioblastus chino). The soil was originally derived from alluvion volcanic ash, classified as Alic Hapludands.

Experimental plots. Biochar was spread manually on the top of the organic layer at rates of 0, 5, and 10 t
ha! (C0, C5, and C10 plots, respectively). Each treatment was applied to three replicate plots of 20m x 20 m in
November 2015. The biochar (particle size <5 mm) was made of oak wood chips at 600-700 °C (Shiratori super
MOKUTAN C, Shiratori Mokuzai Kakoh Cooperative Society, Japan). The proportion of carbon in biochar was
about 71%, and then 3.6 and 7.1 tC ha™! was used as the amount of carbon input to C5 and C10 plots, respectively.
Aboveground biomass was not significantly different among C0, C5 and C10 plots at the time of biochar addition
(p>0.05).

Litterbag experiment. The litterbag method was used to clarify the litter decomposition rate. Litterbags
(15 x 15 cm) were made of nylon cloth with a mesh size of approximately 2 mm. Two kinds of leaf litter (3 g dry
weight of each) of Q. serrata were placed in litterbags. One was made with leaf litter collected in November 2015,
which was new leaf litter that had fallen after biochar addition (new litter: NL), the other was made with leaf litter
collected in August 2015, which was leaf litter located under the biochar layer after biochar addition (old litter:
OL). After sampling, the litters were air-dried until the beginning of the experiment. In January 2016, NL and OL
litterbags were placed above and below the biochar layer, respectively. Sampling of the bags took place 9 times:
85, 180, 270, 360, 470, 553, 673, 840, and 932 days after initiation of the experiment. At each sampling timepoint,
three each of the NL and OL litterbags (n = 3) were collected from 9 subplots.

Chemical analysis. Fresh litter mass was measured after samples were taken in litterbags. Thereafter, litter
samples were dried at 105°C for 24 h, and dry litter mass was measured after removing contaminating root and
soil material. Litter water content (%) was calculated by the difference in weight between fresh and dry litter. A
portion of litter sample was heated at 550 °C for 6 h, and the residue weight was measured as ash. Ash was meas-
ured to correct contamination of soil and biochar, and ash-free remaining mass (%) Ash-free remaining mass (%)
was calculated following Eq. (1) below:

M.(1 - A
MXIOO

Ash—free remaining mass (%) =
My(1 — Ay) (1)

where M, is the litter mass (g) after a given period, M, is the initial litter mass (g), A, is the litter ash content (%)
after a given period and A, is the initial litter ash content (%).

Acid-unhydrolyzable residue (AUR) and total carbohydrate were measured by the Klason method as in Osono
et al.'8. In brief, samples were washed with alcohol-benzene (ethanol:benzene =1:2 (v/v)) and the residue was
hydrolysed with 72% and 2.5% sulfuric acid (v/v) in sequence. After hydrolysis, the residue was filtered and
weighed as AUR. The filtrate was used for total carbohydrate analysis by phenol-sulfuric acid methods. Lignin
was defined as the weight of ash of AUR deducted from the total weight of AUR.

Estimation of the carbon balance between biochar addition and changing litter decomposition

To compare the carbon emission through changing leaf litter decomposition (induced carbon emission) with
the carbon addition by biochar (biochar carbon) on an area basis, the decomposed litter mass (tC ha™!) in the
experimental period was estimated from three components: initial litter mass under the field condition, litter
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Figure 1. Change in remaining mass in (A) new litter (NL) and (B) old litter (OL) over 932 days at 0 t ha™!
(C0),5tha ! (C5) and 10 t ha™! (C10) biochar. Symbols show means and bars indicate standard errors (n=09).
Different letters indicate statistically significant differences (p < 0.05) between biochar addition rates.

decomposition ratio and carbon concentration. The initial litter mass (td.w. ha') of NL was the average annual
dry weight of leaf litter collected from 5 litter traps in each plot in 2015. The values for OL were obtained from
the values of the initial litter mass of NL multiplied by the ratio of litter remaining of NL at 360 days (about one
year) in the CO plot using the litter bag method. The litter decomposition ratio used the values at 932 days (last
sampling day, about three years) measured by the litter bag method. Carbon concentration was measured by
CHNS/O analyser (PE2400, PerkinElmer, USA) for initial samples. Induced carbon emission was the difference
in the decomposed litter mass between control and biochar treatment plots.

Data analysis. All data were expressed as means + standard errors. A one-way analysis of variance (ANOVA)
followed by Tukey’s Honestly Significant Difference test was used to compare the remaining litter mass of the
different rates of biochar addition (p < 0.05). T-test was used to compare the difference in litter water content
between litter with and without biochar. Statistical analysis of the data was carried out with SPSS 17.0 Statistics
(IBM Corp., Armonk, NY, USA). Ash-free accumulated mass loss vs substrate remaining mass was fitted based
on a single exponential model y = ae(™/) !9,

Results

For NL, the ash-free remaining mass tended to decrease with increasing rates of biochar addition until 470 days,
with significant differences between C0 and C10 at 180, 360, and 470 days (Fig. 1A). In the period from 553 to
932 days, however, ash-free remaining mass was not significantly different among plots with and without biochar
(Fig. 1A). For OL, the ash-free remaining mass tended to decrease with increasing rates of biochar addition until
673 days, with significant differences between C0 and C10 at 85, 360, 553, and 673 days (Fig. 1B).

When litter water content in CO was >50%, litter water content was not significantly different irrespective of
biochar addition (Fig. 2). In contrast, when litter water content in CO was <50%, litter water content in biochar
addition plots tended to be higher than that in CO (Fig. 2). The litter water content in C10 was clearly different
from that in C0, and in some cases significantly different (p < 0.05).

For total carbohydrate, the fitting curves tended not to be different among C0, C5 and C10 with respect to NL
and OL (Fig. 3A,B). For lignin, the fitting curves tended not to be different among C0, C5 and C10 with respect to
NL and OL (Fig. 3C,D). Although ash-free accumulated mass loss in OL tended to be larger than that in NL, the
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Figure 2. Litter water content in (A) new litter (NL) and (B) old litter (OL) either in the absence: 0 t ha~! (C0)
or presence: 5 tha™!' (C5) and 10 tha™! (C10) of biochar. Symbols show means and bars indicate standard errors
(n=9). The solid line represents the theoretical 1:1 line where the litter water content with and without biochar
is equal. Asterisks indicate significance of differences from the solid line: *p < 0.1, **p < 0.05, ***p < 0.01.

fitting curves tended not to be different between NL and OL. For NL and OL during litter decomposition, total
carbohydrate was decomposed first, thereafter lignin was decomposed (Fig. 3).

The decomposed litter mass estimated from initial litter mass, decomposition rate and carbon concentration,
tended to be higher in C5 and C10 than in C0 during the experimental period (Table 1). The amounts of induced
carbon emission were —0.1 and 0.3 tC ha~! in C5 and C10 plots, respectively. The amount of biochar carbon was
3.6and 7.1 tCha™!in C5 and C10 plots, respectively, and therefore the ratios of induced carbon emission to bio-
char carbon were —1.5 and 4.0% in C5 and C10 plots, respectively.

Discussion
Our results suggested that biochar addition has the potential to stimulate decomposition of leaflitter that is in direct
contact with the biochar (Fig. 1). The stimulation could be caused by both abiotic and biotic factors. Prescott*! found
that moisture and temperature conditions could control litter decomposition by meta-analysis of global research.
Recent studies have shown that biochar has high water holding capacity, and that soil with biochar addition also had
increased water holding capacity and water content in forest ecosystems’. For example, Prober ef al.? reported that
soil moisture content in temperate woodlands increased by 6-25% after biochar addition. Our study also found that
litter water content increased with biochar addition, especially under dry conditions (Fig. 2). This result would be
caused by the humidity control function of biochar?®?%. In general, the litter layer is easily dried because it is located
at the soil surface. Litter in biochar plots, however, would maintain high water content constantly because the high
water holding capacity of biochar could maintain fixed humidity within the litter layer®. The result that biochar
enhanced litter decomposition in this study corresponded with the results in other field experiments”!”, however, it
did not correspond with the results in laboratory experiments'*'®. This discrepancy might be related to the avoid-
ance of dry conditions by the controlled conditions in laboratory experiments.

Some previous studies reported that biochar could also affect the microbial community, leading to enhanced
decomposition of soil organic matter®?. In addition, some studies reported that differences in microbial commu-
nity composition were associated with changed litter decomposition rate and decomposition pattern in temperate

SCIENTIFIC REPORTS |

(2019) 9:16961 | https://doi.org/10.1038/s41598-019-53615-2


https://doi.org/10.1038/s41598-019-53615-2

www.nature.com/scientificreports/

R?=0.9840
R?=0.9916

Co

T

Total carbohydrate rema

40+
------ R2=0.9765
201 -- R2=0.9827
— R2=0.9721
0 T T : -
0 20 40 60 80

100

204

ing mass (%)

R?=0.9867
-~ R?=0.9988
— R?=0.9945

ignin remain

-1 40
...... R2=0.9879
204 -- R2=0.9773
— R2=0.9872
0 , . . . ‘
0 20 40 60 80 100

Ash-free accumulated mass loss (%)

Figure 3. Change in total carbohydrate (left) and lignin (right) remaining mass with accumulated mass loss of
litter in (A), (C) new litter (NL) and (B), (D) old litter (OL) at 0 t ha=! (C0), 5tha~! (C5) and 10 t ha~! (C10)
biochar. Symbols show means and bars indicate standard errors (n=9). All fitting curves were significant

(p <0.01).
Treatment
Co C5 C10
NL 6.4 6.6 6.7
Initial litter mass (td.w. ha™!)
OL 3.8 3.8 3.8
NL 70.7 70.0 72.2
Litter decomposition ratio (%)
OL 80.3 74.7 87.3
NL 46.4 46.4 46.4
Litter carbon concentration (%)
OL 45.5 45.5 45.5
NL 2.1 2.1 2.3
Decomposed litter mass (tC ha™!)
OL 1.4 1.3 1.5
Total 3.5 34 3.8
Induced carbon emission (tC ha™!) — —0.1 0.3
Biochar carbon (tC ha™!) — 3.6 7.1
Ratio (%) — —-1.5 4.0

Table 1. Estimation of the balance between carbon emission through changing leaf litter decomposition and
carbon addition by biochar. C0, C5 and C10 indicate the experimental plots with 0, 5 and 10 t ha™! of biochar
carbon, respectively. OL and NL indicates old and new litter that has fallen before and after biochar addition,

respectively.

ecosystems?”?. The drivers of litter decomposition could be acceleration of decomposition progress by increasing
microbial activity, or changes in the decomposition pattern by changing microbial community composition. In
this study, the decomposition pattern, which was characterized by the fitting curve of ash-free accumulated mass
loss vs substrate remaining mass, was not different among treatments (Fig. 3). This result indicated that litter
decomposition might be enhanced by accelerating decomposition progress rather than changing decomposition
pattern. Our results that first carbohydrate and then lignin was decomposed, corresponded with those of Berg®.
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Lehmann and Sohi*® reported that the priming effect of labile carbon in biochar might enhance the decom-
position of SOM. Biochar produced at low temperature (250-400 °C) contained a substantial labile fraction
and increased the soil respiration rate*'*2, In this study the biochar was produced at relatively high temperature
(600-700°C), which suggests that there would be little labile carbon and therefore the priming effect would not
significantly impact litter decomposition®. In addition, biochar usually has an alkaline pH, leading to an increase
in pH when applied to the mineral soil layer; its application can also enhance the availability of nutrients such
as nitrogen and phosphorus because of its highly porous structure!'®**. Some previous studies**=*’ reported that
these effects described above could accelerate the decomposition progress and change the decomposition pattern
of organic matter. However, pH measurement of the litter layer is not common, therefore it was not clear whether
these factors were responsible for enhanced litter decomposition in our study.

Our results indicated that OL showed enhanced decomposition with biochar addition for 2 years, but NL
showed enhanced decomposition only for 1 year (Fig. 1). The difference in litter water content between C0 and
the biochar plots in OL was higher than that in NL, and high litter water content was maintained in OL. From
these results, litter decomposition below biochar would be more affected than that above biochar. This might be
related to the supply of nutrients leached from biochar®, or because the contact between biochar and the litter
layer below is more intimate than that of the litter layer above because of gravity. These results might suggest
that organic matter decomposition below the biochar layer is important for carbon sequestration. However, the
decomposition process was not significantly different between NL and OL (Fig. 3).

In our experimental period, the carbon emission through changing leaf litter decomposition was very small
when compared with the carbon addition by biochar. This result indicates that biochar could be an effective mate-
rial for carbon sequestration in forest ecosystems. In general, mass loss from litter bags include mineralization,
leaching and fragmentation processes, although it is difficult to apportion the losses to these three processes and
to quantify only the carbon emission to the atmosphere®. Previous studies?**’ reported that soluble compo-
nents accounting for up to 30-40% of leaf mass could be lost through the leaching process. In addition, Lecerf*
reported that 26% of oak leaf litter mass was lost by fragmentation using the various mesh size of litter bags.
According to these previous results, about half of the induced carbon emission based on mass loss was roughly
regarded as carbon emission to the atmosphere, and the ratios of atmospheric emission to biochar carbon were
very small (—0.8% in C5, 2.0% in C10).

In conclusion, biochar addition stimulated litter decomposition in deciduous temperate forest for about 3
years. It was caused by improvement of water conditions and microbial activity. However, the carbon emission
through changing leaf litter decomposition was small when compared with the carbon addition by biochar. This
result indicates that biochar could be an effective material for carbon sequestration in forest ecosystems.

Received: 10 July 2019; Accepted: 30 October 2019;
Published online: 18 November 2019

References
1. Lehmann, J. A handful of carbon. Nature 447, 143-144 (2007).
2. Ogawa, M. & Okimori, Y. Pioneering works in biochar research, Japan. Aust. J. Soil Res. 48, 489-500 (2010).
3. Gul, S., Whalen, J. K., Thomas, B. W. & Sachdeva, V. Physico-chemical properties and microbial responses in biochar-amended soils:
Mechanisms and future directions. Agric. Ecosyst. Environ. 206, 46-59 (2015).
4. Lehmann, J., Guant, J. & Rondon, M. Bio-char sequestration in terrestrial ecosystems—a review. Mitig. Adapt. Strateg. Glob. Change
11, 403-427 (2006).
5. Woolf, D., Amonette, J. E., Street-Prerrott, F. A., Lehmann, J. & Joseph, S. Sustainable biochar to mitigate global climate change. Nat
Commun 1, 56 (2010).
6. Biederman, L. A. & Harpole, W. S. Biochar and its effects on plant productivity and nutrient cycling: a meta-analysis. GCB Bioenergy
5,202-214 (2013).
7. Li, Y. et al. Effect of biochar application in forest ecosystems on soil properties and greenhouse gas emission: a review. J. Soils
Sediments 18, 546-563 (2018).
8. Thomas, S. C. & Gale, G. Biochar and forest restoration: a review and meta-analysis of tree growth responses. New For. 46, 931-946
(2015).
9. Lehmann, J. et al. Biochar effects on soil biota—a review. Soil Biol. Biochem. 43, 1812-1836 (2011).
10. Mitchell, P. J., Simpson, A. J., Soong, R. & Simpson, M. J. Shifts in microbial community and water-extractable organic matter
composition with biochar amendment in a temperate forest soil. Soil Biol. Biochem. 81, 244-254 (2015).
11. Pluchon, N., Vincent, A. G., Gundale, M. J. & Nilsson, M. C. The impact of charcoal and soil mixtures on decomposition and soil
microbial communities in boreal forest. Appl. Soil Ecol. 99, 40-50 (2016).
12. Wardle, D. A., Nilsson, M. & Zackrisson, O. Forest-derived charcoal causes loss of forest humus. Science 320, 629 (2008).
13. Krishna, M. P. & Mohan, M. Litter decomposition in forest ecosystems: a review. Energ. Ecol. Environ. 2, 236-249 (2017).
14. Abiven, S. & Andreoli, R. Charcoal does not change the decomposition rate of mixed litters in a mineral cambisol: a controlled
conditions study. Biol. Fertil. Soils 47, 111-114 (2011).
15. Prayogo, C., Jones, J. E., Baeyens, J. & Bending, G. D. Impact on biochar on mineralisation of C and N from soil and willow litter and
its relationship with microbial community biomass and structure. Biol. Fertil. Soils 50, 695-702 (2014).
16. Palviainen, M. et al. Effects of biochar on carbon and nitrogen fluxes in boreal forest soil. Plant Soil 425, 71-85 (2018).
17. Bryanin, S., Abramova, E. & Makoto, K. Fire-derived charcoal might promote fine root decomposition in boreal forests. Soil Biol.
Biochem. 116, 1-3 (2018).
18. Osono, T., Azuma, ]. & Hirose, D. Plant species effect on the decomposition and chemical changes of leaflitter in grassland and pine
and oak forest soils. Plant Soil 376, 411-421 (2014).
19. Jenny, H., Gessel, S. P. & Bingham, F. T. Comparative study of decomposition rates of organic matter in temperate and tropical
regions. Soil Sci. 68, 419-432 (1949).
20. Olson, J. S. Energy storage and the balance of procedures and decomposers in ecological systems. Ecology 44, 322-331 (1963).
21. Prescott, C. E. Litter decomposition: what controls it and how can we alter it to sequester more carbon in forest soils? Biogeochemistry
101, 133-149 (2010).
22. Prober, S. M., Stol, J., Piper, M., Gupta, V. V. S. R. & Cunningham, S. A. Enhancing soil biophysical condition for climate-resilient
restoration in mesic woodlands. Ecol. Eng. 71, 246-255 (2014).

SCIENTIFIC REPORTS |

(2019) 9:16961 | https://doi.org/10.1038/s41598-019-53615-2


https://doi.org/10.1038/s41598-019-53615-2

www.nature.com/scientificreports/

23. Abe, L et al. Humidity-control capacity of microporous carbon. Seikatsu Eisei 39, 333-336 (1995).

24. Kurimoto, Y., Kano, K., Norimoto, M. & Sawabe, O. Performance of carbonized Sugi wood and bark for humidity control. Mater. Sci.
Res. Int. 8, 38-42 (2002).

25. Kinney, T. J. et al. Hydrologic properties of biochars produced at different temperatures. Biomass Bioenergy 41, 34-43 (2012).

26. Liang, B. et al. Black carbon affects the cycling of non-black carbon in soil. Org. Geochem. 41, 206-213 (2010).

27. Yan, J. et al. Plant litter composition selects different soil microbial structures and in turn drives different litter decomposition
pattern and soil carbon sequestration capability. Geoderma 319, 194-203 (2018).

28. Zhou, Y., Clark, M., Su, J. & Xiao, C. Litter decomposition and soil microbial community composition in three Korean pine (Pinus
koraiensis) forests along an altitudinal gradient. Plant Soil 386, 171-183 (2015).

29. Berg, B. Decomposition patterns for foliar litter—A theory for influencing factors. Soil Biol. Biochem. 78, 222-232 (2014).

30. Lehmann, J. & Sohi, S. Comment on “Fire-derived charcoal causes loss of forest humus”. Science 321, 1295 (2008).

31. Luo, Y., Durenkamp, M., Nobili, M. D., Lin, Q. & Brookes, P. C. Short term soil priming effects and the mineralization of biochar
following its incorporation to soils of different pH. Soil Biol. Biochem. 43,2304-2314 (2011).

32. Zimmerman, A. R, Gao, B. & Ahn, M. Y. Positive and negative carbon mineralization priming effects among a variety of biochar-
amended soils. Soil Biol. Biochem. 43, 1169-1179 (2011).

33. Whitman, T., Singh, B.P. & Zimmerman, A.R. Priming effects in biochar-amended soils: implications of biochar-soil organic matter
interactions for carbon storage. In: Lehmann, J. & Joseph, S. (eds) Biochar for environmental management: Science, Technology and
Implementation. Earthscan, London, pp 455-487 (2015).

34. Atkinson, C. ], Fitzgerald, . D. & Hipps, N. A. Potential mechanisms for achieving agricultural benefits from biochar application to
temperate soils: a review. Plant Soil 337, 1-18 (2010).

35. Aciego Pietri, J. C. & Brookes, P. C. Relationship between soil pH and microbial properties in a UK arable soil. Soil Biol. Biochem. 40,
18561861 (2008).

36. Fisk, M., Santangelo, S. & Minick, K. Carbon mineralization is promoted by phosphorous and reduced by nitrogen addition in the
organic horizon of northern hardwood forests. Soil Biol. Biochem. 81,212-218 (2015).

37. Xia, M., Talhelm, A. F. & Pregitzer, K. S. Long-term simulated atmospheric nitrogen deposition alters leaf and fine root
decomposition. Ecosystems 21, 1-14 (2018).

38. Ippolito, J.A., Spokas, K.A., Novak, ].M., Lentz, D.R. & Cantrell, K.B. Biochar elemental composition and factors influencing nutrient
retention. In: Lehmann, J. & Joseph, S. (eds) Biochar for environmental management: Science, Technology and Implementation.
Earthscan, London, pp 139-163 (2015).

39. Lecerf, A. Methods for estimating the effect of litterbag mesh size on decomposition. Ecol. Model. 362, 65-68 (2017).

40. Bokhorst, S. & Wardle, D. A. Microclimate within litter bags of different mesh size: Implications for the ‘arthropod effect’ on litter
decomposition. Soil Biol. Biochem. 58, 147-152 (2013).

Acknowledgements

We thank members of Laboratory for Environmental Ecology, Waseda University, for their technical assistance
and support. Special thanks to members of Laboratory for Soil Science, Kobe University, Japan, for their
cooperation and constructive discussions. We thank Catherine Dandie, PhD, from Edanz Group (www.
edanzediting.com/ac) for editing a draft of this manuscript. This work was supported by Grant-in-Aid for
Scientific Research (A) of H. Koizumi and (C) of M. Tomotsune.

Author contributions

Y.M. and M.T. contributed equally to this work. Y.M., N.E, S.Y. H.K. and M.T. designed the research; Y.M., S.Y.
and M.T. performed the field sampling; Y.M., T.S., S.Y. and M.T. performed the laboratory analysis; Y.M., S.Y. and
M.T. analysed the data and wrote the paper. All the authors read and revised the paper.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

" | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:16961 | https://doi.org/10.1038/s41598-019-53615-2


https://doi.org/10.1038/s41598-019-53615-2
http://www.edanzediting.com/ac
http://www.edanzediting.com/ac
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of biochar addition on leaf-litter decomposition at soil surface during three years in a warm-temperate secondary de ...
	Materials and Methods

	Study site. 
	Experimental plots. 
	Litterbag experiment. 
	Chemical analysis. 
	Data analysis. 

	Results

	Discussion

	Acknowledgements

	Figure 1 Change in remaining mass in (A) new litter (NL) and (B) old litter (OL) over 932 days at 0 t ha−1 (C0), 5 t ha−1 (C5) and 10 t ha−1 (C10) biochar.
	Figure 2 Litter water content in (A) new litter (NL) and (B) old litter (OL) either in the absence: 0 t ha−1 (C0) or presence: 5 t ha−1 (C5) and 10 t ha−1 (C10) of biochar.
	Figure 3 Change in total carbohydrate (left) and lignin (right) remaining mass with accumulated mass loss of litter in (A), (C) new litter (NL) and (B), (D) old litter (OL) at 0 t ha−1 (C0), 5 t ha−1 (C5) and 10 t ha−1 (C10) biochar.
	Table 1 Estimation of the balance between carbon emission through changing leaf litter decomposition and carbon addition by biochar.




