SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Regulation of litter decomposition in bamboo
stands

<)— AL Jd ESL R

https://hdl.handle. net/2324/7157394

HAERIE#R : Kyushu University, 2023, Et (B%) , FEEL
N—=2 3

HEFIBAMR



Regulation of litter decomposition in bamboo stands

A dissertation
submitted to the Graduate School of Bioresource and Bioenvironmental Sciences,
Kyushu University,
Japan,
for the degree of

Doctor of Philosophy

Marly Orrego Morales

July 2023






Abstract

Litter decomposition is an essential process that regulates the fate of carbon and nutrients
in soils through the progressive breakdown of organic matter, and thus is crucial for the
functioning of terrestrial ecosystems. In East Asia, bamboo invasion is a serious concern
due to its ecological and socio-economic implications, and thus evaluating litter
decomposition dynamics in bamboo stands is essential to better assess their impacts in

forest ecosystems.

The aim of this thesis is to further our understanding of litter decomposition and nutrient
dynamics in Moso bamboo (Phyllostachys edulis) stands and explore the controlling
factors regulating litter decomposition processes. The first part of the thesis explored the
influence of macroenvironmental, soil and stand structure factors on early-stage litter
decomposition and stabilization in bamboo stands at a regional scale. The results showed
that climatic factors are the main drivers of decomposition processes in Moso bamboo
stands. Long-term climate influences litter stabilization, while the interaction between
precipitation and temperature affects litter decomposition rates at early stages. Stand
structure and soil properties have limited direct effects, but indirect effects from stand
density impact litter stabilization through organic matter input and soil bulk density.
These results further suggest that future environmental changes resulting from global

climate change would greatly affect decomposition and soil carbon storage in this region.

The second part of the thesis evaluated the interactive effects litter traits and soil fauna
on litter decomposition processes of above- and below-ground organs in Moso bamboo.
After two years of litter decomposition, the mass loss followed the order of leaf > fine
root > rhizome = branch > culm litter. The results showed that chemical and structural
litter traits were predictors of mass and carbon loss but not nitrogen loss. The presence of
soil fauna did not change the relationship between litter traits and decomposability,
indicating that soil fauna effects were not dependent on litter quality. Soil fauna decreased
litter mass and carbon loss of leaf and branch litter, but had limited effects on fine root,
rhizome and culm litter decomposition. The large disparities in the contribution of soil
fauna to litter decomposition and nutrient release suggest that considering the effects of



soil fauna in whole-plant litter decomposition is essential for understanding the role of

soil decomposers in bamboo forest carbon cycling.

The third part of the thesis investigated the chemical and morphological controls on
below-ground litter decomposition following a root functional order classification. The
results highlight the morphological and chemical heterogeneity of fine roots in Hachiku
(Phyllostachys nigra), Madake (Phyllostachys bambusoides) and Moso bamboo
(Phyllostachys edulis). The analysis of root litter using **C-NMR spectroscopy revealed
differences in the biochemical composition within the branching root system. Notably,
slower decomposition rates were observed in lower order roots compared to higher order
roots. The results also revealed the limited predictability of litter C/N and lignin/N ratios
on fine root litter decomposition. Furthermore, the recalcitrance of lower roots was
associated with the presence of aromatic compounds, while the rapid decomposition of
higher order roots was linked with the presence of labile cellulosic compounds. Given
that lower order roots are typically short-lived and represent a significant proportion of
the total fine root biomass in bamboo stands, their slower decomposition may have
significant effects in soil carbon cycling through the formation of stable soil organic

matter.

The fourth part of the thesis explored the influence of fallen bamboos on the forest floor
and soil fauna on litter decomposition dynamics and discussed whether the removal of
these structural components as part of management practices could potentially affect litter
decomposition and nutrient cycling. The results showed that dead culms in Moso bamboo
stands play a crucial role in modifying the soil microenvironment, enhancing litter biotic
activity and accelerating the loss of litter mass, carbon and nitrogen. The dead culms have
a significant impact on mesofauna abundance, diversity and fauna assemblage during
litter decomposition. However, the presence of dead culms does not alter the direct effect
of soil fauna on litter decomposition, suggesting that their influence is mainly through
changes in the soil environment and litter microbial activity. Dead bamboo culms are
important structural components that affect decomposer organisms and the litter nutrient
dynamics in bamboo stands. These results further show that the removal of dead culms
from the forest floor could have substantial effects on soil biota and ecosystem processes

in managed stands.



In conclusion, this thesis contributes to the understanding of the interplay among various
factors that regulate litter decomposition, and illustrates how climate, litter quality and
soil fauna impact decomposition processes in bamboo stands. Moreover, the findings on
the indirect impacts of dead culms on nutrient cycling hold practical implications for the

management of bamboo stands.



Contents

N 0L = Tod SRRSO PRTRSRRS ii
(010] 11 (=] 1 SRS ST P TR PRURPRURRTIR Vi
LSE OF TADIES .ttt viii
LIS OF FIQUIES ...ttt e st e e beeneesraesne e e e sraeneeas X
LiSt OF @DDIeVIALIONS .......oouiiiieieieee e Xiii

Chapter 1 General Introduction

1.1 BACKGIOUNT. ...ttt ettt n bbb ene s 1
1.2 Litter decomposition studies in bamboo fOrests............cocviiiiiniiieiesreese 5
1.3 ODjJectiVes and OULHNE .........cviiiiiieiee e 8
Chapter 2 Climate, soil and plant controls on litter decomposition
P20 R 1 oo [0 od o] o R USROS 11
2.2 Materials and MEtNOAS. ........coeiiiiiiiiiisee e 14
2.3 RESUILS ...ttt bttt 20
2.2 DISCUSSION. ...ttt etesteetee e ettt sttt s et et e b et e be st e e beebe e s e ene et e nbenaesbesbeareene e 25
T o] o] 11157 o o S 29
Chapter 3 Litter quality and soil fauna effects on whole-plant litter decomposition
K200 A 1011 oo 1 Tod o] o S 30
3.2 Materials and MethOdS. ........cveeiieiiee s 32
BB RESUIES ..ttt 37
312 DIHSCUSSION....teeteeriete ettt ettt e ee ettt et b e s et e b e st et e s bt e beeseeseesteeebenbesbearenreas 49
3.5 CONCIUSION ...ttt sttt st sbesrenneas 52
Chapter 4 Chemical and morphological controls on fine root litter decomposition
0 [ oo [ od o] o SRS 53
4.2 Materials and MethOodS.........cveviieiiee e 55
B (=TT ] | SRS 58
O D T oW 1] o] OSSR 67
I 0] Tod [ 1] o] SRS 70
Chapter 5 Dead bamboo culms and soil fauna effects on leaf litter decomposition
5.1 INTOTUCTION ..ttt et e bt sneens 71
5.2 Materials and MethodS. .......cooiieiiiiiiieee s 74
5.3 RESUILS ...ttt ettt ne e ns 78

Vi



D DIISCUSSION ...t ee e e ettt e e e e e e e et e e e e e e e e e e e et e eeeeeeenee e eeeeeeeeeeeenennnes 85

5.5 CONCIUSION ...ttt bbbttt st sbe et 89
Chapter 6 General DISCUSSION .........cceiiiieiieieiie e ste e aesresnesnaenae s 90
Chapter 7 General ConCIUSION ..........ccciiiiiiiiiic e 96
ACKNOWIEAGMENTS ... 99
RETEIENCES ... ettt sttt et r e sbe et e sneenrs 101
N o] 4 1=] T | PRSP U PP TP PRSP 121

vii



List of Tables

Chapter 2

Table 2.1 Location, environmental features, and mean values of stand structure

characteristics (stand density and DBH) and decomposition parameters (k and

S) TOr the 13 SITES.. .ueeviiieie et 15
Table 2.2 Description of factors and measured variables used in the structural equation
000 [ PSSR 17

Table 2.3 Selected regression models for the temporal and long-term climate models. 21
Table 2.4 Results of multiple linear mixed models testing the effects of stand structure,

organic matter input, and soil parameterson kand S...........c..cccoeveviviiiniennns 22

Chapter 3

Table 3.1 Decomposition rates (k) of bamboo litter in the presence (1mm) and absence
of so1l mesofauna (42 [UM).. ...c.oooviiiiiiie e 38
Table 3.2 Results of general linear models evaluating the effects of litter type, soil fauna,
decomposition time and their interactions on litter mass, carbon and nitrogen
l0sS€S, and respiration FateS...........cccvveveeiieiiie i 39
Table 3.3 Carbon loss (%), nitrogen release (%), nitrogen immobilization (%) and net
nitrogen release (%) of bamboo litter................oooiiii 41
Table 3.4 Initial litter traits of bamboo organs.. ........cccccoevveiiii e, 44
Table 3.5 Coefficients of ordinary least squares regression (r) between initial litter traits
and mass, carbon, and nitrogen loss (%) after 720 days of litter decomposition

in the presence (1 mm) and absence (42 um) of soil mesofauna. .................. 44

viii



Chapter 4

Table 4.1 C-NMR spectral assignment of C functional groups. ............cceveevrvereenns. 57
Table 4.2 Relative abundance (%) of main classes of organic C assessed by *C-NMR
spectroscopy and NMR indices of initial root litter. ............ccccoovevevinieinnnne 61
Table 4.3 Results of GLM evaluating the effects of species, root orders, time and their
interactions on root litter mass remaining after 540 days of decomposition. 62
Table 4.4 Results of multiple regression between root litter decomposition rates (k) and
linear combinations of litter morphological, chemical and **C-NMR spectral

=10 [o] o1 P S 65

Chapter 5

Table 5.1 Results of LMMs evaluating the effects of treatment (dead culm and control),
soil mesofauna (with and without fauna), decomposition time and their
interactions on litter mass loss, carbon and nitrogen loss, and C/N ratio; and the
effects of treatment and decomposition time on the mesofaunal contribution to

LT MNASS 10SS. ..ottt e e e e e eeea s 79



List of Figures

Chapter 1

Figure 1.1 Conceptual diagram of the factors controlling litter decomposition and the

specific factors and relationships assessed in this study..........cccccceveviiernenne. 9

Chapter 2

Figure 2.1 Johnson-Neyman plots showing the interactions between temperature and
precipitation on the initial decomposition rate (k) in the temporal climate and
long-term climate MOdEL. .........ccoiieiieiice e 21
Figure 2.2 Structural equation models showing the effects of stand structure (stand
density and canopy cover), organic matter input (fine root biomass and litter
mass), and soil variables (bulk density, pH, C/N ratio, and water content) on
the initial decomposition rate (k) and the stabilization factor (S)................ 24

Chapter 3

Figure 3.1 Effects of soil fauna and decomposition time on the mass, carbon and nitrogen
loss in branch, culm, fine root, leaves, and rhizome litters.. ...........cccccoen... 40
Figure 3.2 Soil fauna effects on litter respiration rates in five litter types (organs) at
different retrieval tImMeS.........cccoiiiiiieicee e 42
Figure 3.3 Biplot of PCA analysis of 12 initial litter traits for the five litter types (bamboo
(0] (0101 TR TSRS P PP PPT USRS 45
Figure 3.4 Relationships between litter type scores from the first PCA axis and litter mass
loss, carbon loss, and nitrogen loss after 720 days of litter decomposition. 46
Figure 3.5 Effects of litter type and decomposition time on soil mesofauna abundance,
order richness, and Shannon-Wiener diversity indeX.. ........ccccocevervniinnnnnns 48


file:///C:/Users/USER/Desktop/PhD%20Thesis_2023/PhD_Thesis_.docx%23_Toc139049708
file:///C:/Users/USER/Desktop/PhD%20Thesis_2023/PhD_Thesis_.docx%23_Toc139049708
file:///C:/Users/USER/Desktop/PhD%20Thesis_2023/PhD_Thesis_.docx%23_Toc139049709
file:///C:/Users/USER/Desktop/PhD%20Thesis_2023/PhD_Thesis_.docx%23_Toc139049709

Chapter 4

Figure 4.1 Morphological characteristics of Hachiku, Madake and Moso bamboo fine
FOOT SYSTEIMS. ...t 58
Figure 4.2 Chemical characteristics of Hachiku, Madake and Moso bamboo fine root
)] (10U UPRRPPRPI 59
Figure 4.3 *C-NMR spectra of three root order classes from initial samples of Hachiku,
Madake and M0s0 bamboo0 rO0tS. ........c.covviiiiiieic e 60
Figure 4.4 Dynamics of litter mass remaining in different root order classes of Hachiku,
Madake and Moso bamboo roots after 540 days of decomposition............ 63
Figure 4.5 Principal component analysis of root litter morphological and traditional
chemical traits, and 3C-NMR spectral regions. .............ccceevecrerreererennennnn. 64
Figure 4.6 Relationships between litter decay rate (k) and C/N and lignin/N ratios of 3
root order Classes and SPECIES. .....cccvevvveveiieii e 66
Figure 4.7 Relationships between litter decay rate (k) and indices from **C-NMR spectra:
O-alkyl C/methoxyl C and Aryl C/O-alkyl C ratios of 3 root order classes and
SPECIES. .ttt etttk b bbbttt bbbt ne s 67

Chapter 5

Figure 5.1 A conceptual framework of leaf litter mass loss and nutrient release beneath
dead bamboo culms and on the forest floor under two soil fauna treatments:
with mesofauna and without mesofauna............ccccoovvvvinircnen i 73
Figure 5.2 Changes in leaf litter mass loss, carbon loss, nitrogen loss, and d) C/N ratio
showing the effects of dead culms and soil mesofauna over 720 days of litter
AECOMPOSTTION. . .t bbb 80
Figure 5.3 Effects of dead culms and soil fauna on litter respiration rates (nmol g* s)
for each decomposition PEriod.........cccccveiieeiiiiii e 80
Figure 5.4 Effects of dead culms on soil surface microclimatic conditions.................. 82
Figure 5.5 Effects of dead culms on abundance (ind. g dry litter), richness (number of
orders g dry litter), and Shannon-Wiener diversity index of soil mesofauna

in leaf litter from the 1-mm mesh litterbags. .........ccccovveviiiiiiiiiiiiececie 83

Xi



Figure 5.6 Dynamics of the relative abundance (%) of different functional groups of soil
mesofauna in the 1-mm mesh litterbags showing the differences between dead
CUIMS AN CONLIOL.....c.eiiiiiee e e 84
Figure 5.7 Ordination from Canonical Correspondence Analysis (CCA) showing the
association of soil mesofauna orders from the 1-mm mesh litterbags to

treatment and decompoSItion PEriod. ..........cooevereriniiinieeee s 84

Chapter 6

Figure 6.1 Quantitative illustration of the contribution of aboveground bamboo organs

and dead bamboo culmsto Cand Nrelease .........c.ovveeeeeiiiiiiin., 91

xii



List of abbreviations

Abbreviation Unit

Definition

BC-NMR

3-D cm? cm’3
AIC

BD gcm?

C %

CCA

CO2

corCAR1

CWD

DBH cm
DMC gg?
DW g
GLM

GLMM

e

IRGA

LMM

MAP mm
MAT C
N %
NMDS

OLS

PCA
PERMANOVA
PLS-SEM

R%c

R’m

RTD gcm®

13C nuclear magnetic resonance spectroscopy
Litter three dimensionality

Akaike Information Criterion

Soil bulk density

Carbon concentration

Canonical correspondence analysis

Carbon dioxide

Continuous autoregressive process (autocorrelation
structure of order 1)

Coarse woody debris

Diameter at breast height

Litter dry matter content

Litter dry weight

Generalized linear models

Generalized linear mixed effects model
Shannon-Wiener diversity

Infrared gas analyzer

Linear mixed effects models

Mean annual precipitation

Mean annual temperature

Nitrogen concentration

Non-metric multidimensional scaling
Ordinary least squares regression

Principal Component Analysis

Permutational multivariate analysis of variance
Partial least structural equation model

R? conditional from linear mixed models

R2 marginal from linear mixed models

Root tissue density

Xiii



Abbreviation Unit Definition

SA cm? gt Litter specific area

SiO» Silicate

SMA Standardized major axis regression
SOM Soil Organic Matter

SRA cm? gt Specific Root Area

SRL mg* Specific Root Length

TGA Thioglycolic Acid Method
VIF Variance Inflation Factor
wC % Soil water content

WHC %H20 ¢ Litter water holding capacity

Xiv






Chapter 1

General Introduction

1.1 Background

Litter decomposition is an essential process in terrestrial ecosystems, in which dead
organic matter undergoes physical and chemical breakdown, releasing carbon to the
atmosphere and nutrients into the soil (Berg and McClaugherty, 2014; Chapin etal. 2011).
The decomposition process is responsible for a significant portion of the terrestrial global
CO: flux, with approximately 60 Pg of carbon released annually into the atmosphere (Pan
et al., 2011). The nutrients released from litter decomposition, which are byproducts of
the feeding activity of soil animals and microbes such as fungi and bacteria, contribute to
primary production and the recycling of nutrients (Chapin et al., 2011; Swift et al., 1979).
Thus, the role of decomposition is crucial in regulating the carbon and nutrient cycles at

various scales, from individual ecosystems to the global scale.

Plant litter decomposition is controlled by multiple factors, including the abiotic
environment (climate, soil conditions), the quality of litter (chemical and structural
properties) and soil decomposers (fungi, bacteria, soil fauna) (Swift et al., 1979; Berg and
McClaugherty, 2014). These factors can interact with each other, and their importance
may vary depending on the scale of analysis (Swift et al., 1979; Smith and Bradford,
2003; Powers et al., 2009). At large scales, climate and litter quality are generally the
dominant factors controlling litter mass loss (Couteaux et al., 1995; Aerts, 1997).
However, the relative importance of climate has been subject to debate in recent years
(Bradford et al., 2014; 2017). Global litter decomposition experiments and metanalyses
have shown that litter quality is more important than macroclimate (Djukic et al., 2018;
Zhang et al., 2008; Joly et al. 2017). Nonetheless, other broad-scale studies reported that
climate is a predominant factor, accounting for 50-87% of the variance in litter
decomposition rates (Berg et al., 1993; Couteaux et al, 1995; Joly et al. 2023). Climate
can be more important than litter quality and soil conditions when data is aggregated at
the site or at the biome level (Berg et al., 1993; Bradford et al., 2017; Djukic et al., 2018),
especially in regions where temperature or moisture are unfavorable to the decomposition

process (Prescott, 2002; Djukic et al., 2018). The factors that exert the greatest control on



decomposition reflects the scale of the analysis and the variation of the environmental
and biotic factors of the sites being considered. Given the context-dependency and the
complex inter-relationships among the factors that influence decomposition rates, a
comprehensive understanding of the drivers of decomposition is crucial for predicting

carbon and nutrient dynamics in different ecosystems.

Litter quality and soil fauna are the main drivers of litter decomposition, especially on a
local scale (Aerts, 1997; Powers et al., 2009). The structural properties and chemical
composition of litter affects the activity and composition of the decomposer community
(Cornelissen, 1997; Freschet et al., 2012). For instance, high concentrations of lignin in
litter can reduce the availability of labile carbon and nitrogen compounds, thereby
limiting the growth and activity of decomposers (Aerts, 1997; Chapin et al., 2011; Swift
et al., 1979). In contrast, cellulose and hemicellulose are more easily broken down by
microorganisms and are an important source of carbon and energy for decomposers
(Chapin et al., 2011). Litter physical traits, such as the shape and surface area, also affect
the rates of litter decomposition. Litter with high surface area to volume ratios decompose
faster due to increased accessibility and greater surface area for microbial and faunal
decomposers. Litter structural and chemical traits that affect litter decomposability do not
only vary across species but also between plant organs, such as leaves, stems and roots
(Freschet et al. 2013). Differences in organ decomposability can potentially have
contrasting impacts on ecosystems processes, and thus it is essential to quantify the

relative roles of above and below-ground litter in organic matter dynamics.

The influence of litter traits on decomposition is not only important for aboveground litter,
but also for belowground processes such as root litter decomposition (Hobbie et al., 2010;
Silver and Miya, 2001). Fine roots are a critical component of plant carbon allocation
(Jackson et al., 1997), and their decomposition contributes significantly to the carbon and
nutrient cycling in soils. Fine root morphological and chemical traits have been shown to
have important effects on decomposition rates (Silver and Miya, 2001). However, within
the branching root system (absorptive and transportive fine roots) variations in common
chemical litter traits affect root litter decomposition differently than expected. For
instance, absorptive fine roots (or lower order roots) associated with higher nitrogen
concentrations have slower decomposition rates, while transportive fine roots (or higher

order roots) associated with higher lignin concentrations have faster decomposition rates



(Fan and Guo, 2010; Goebel et al., 2011). Furthermore, traits such as root diameter,
specific root length, and root tissue density have also been shown to have significant
influence on decomposition (Minerovic et al., 2018). Therefore, understanding the impact
of these traits on root litter decomposition is crucial for predicting belowground carbon

and nutrient cycling in forest ecosystems.

While the litter quality is often considered the primary factor controlling decomposition
rates (Wall et al., 2008; Makkonen et al., 2013), the activity of decomposers such as soil
fauna also plays a critical role in the carbon and nutrient dynamics, contributing around
30% to the overall effect (Chapin et al., 2011; Garcia-Palacios et al., 2013). However,
despite their importance, the decomposer community is not commonly considered in
biogeochemical models (Osler and Sommerkorn, 2007). Soil fauna can directly affect
decomposition rates by physically fragmenting litter and excreting nutrient-rich feces,
which can stimulate microbial activity (Perterson and Luxton, 1982). In addition, faunal
decomposers (e.g., Acari and Collembola) can indirectly affect decomposition rates by
grazing microbial communities and reducing the density of microbial predators (Wardle
and Lavelle, 1997; Seastedt, 1984). More importantly, soil fauna contribution to litter
decomposition can vary greatly depending on litter type (Smith and Bradford, 2003).
Contrasting results have been reported on the interactions between soil fauna and litter
quality (Fujii et al., 2016; Yang and Chen, 2009; Schadler and Brandl, 2005), and large
uncertainties still exist regarding the direction and strength of soil fauna effects on litter
decomposition. Therefore, a better understanding of the complex interplay between soil
fauna and litter quality is crucial for predicting litter decomposition rates in different

ecosystems.

In addition to clarifying the factors than directly affect litter decomposition, it is also
essential to understand how important structural elements in forest ecosystems could
potentially influence litter decomposition rates through changes in soil conditions and
decomposer communities. Coarse woody debris (CWD), which refers to the dead and
decaying wood often lying on the forest floor, plays an important role in nutrient cycling
(Harmon et al., 2004; Magnusson et al., 2016) and can indirectly impact ecosystem
processes by modifying the surrounding soil environment (Kappes et al., 2007; Gonzalez-
Polo et al., 2013). Previous studies have shown that CWD promotes rapid leaf litter

decomposition, implying that the impacts of removing these elements through



management practices could have significant impacts on biogeochemical cycles
(Gonzalez-Polo et al., 2013; Remsburg and Turner, 2006). Besides affecting soil
microclimate and microbial communities, CWD also influences the abundance and
richness of microarthropods in the soil and litter layer (Evans et al., 2004; Hanula et al.,
2006; Johnston and Crossley, 1993). This modulation of faunal decomposer communities
may particularly alter decomposition rates; however, it is remains unclear whether the
effects of soil fauna in the presence of CWD would have synergistic effects on litter

decomposition on the forest floor.



1.2 Litter decomposition studies in bamboo forests

Bamboo forests can play significant roles in biogeochemical cycles because of their
predominance in many subtropical and temperate ecosystems. Despite being herbaceous
plants, woody bamboos have a tree-like stature (up to 20 m in height) and relatively high
biomass accumulation. In East Asia, the common woody bamboo species, Moso bamboo
(Phyllostachys edulis), covers over 3 million ha (Chen et al., 2009; Yen and Lee, 2011)
and can store considerable amounts of above-ground carbon (>100 Mg C ha), being
comparable or sometimes exceeding those of other forests in the same region (Yuen et al.
2017, Song et al. 2017).

Moso bamboo is widely cultivated for its economic value and has been introduced to
various countries in East Asian. Unlike trees, bamboo spreads through underground
rhizomes and grows rapidly after emergence. These invasive traits allow bamboo to
exclude the surrounding vegetation, forming monospecific stands. The increasing
dominance of bamboo forests has raised several social and ecological concerns. Bamboo
invasion can have negative impacts on forest productivity (Isagi et al., 1997), biodiversity
(Ouyang et al., 2016) and hydrological processes (Shinohara and Otsuki, 2015; Komatsu
et al., 2010; Ichihashi et al., 2015). The replacement of forests by bamboo stands can
result in changes in soil properties (Song et al., 2016), microbial communities (Liu et al.,
2021; Liu et al., 2019), and composition of soil fauna decomposers (Liu et al., 2021; Long
et al., 2023; Xiao et al., 2023). Furthermore, processes such as litter decomposition can
be significantly affected by bamboo invasion, not only through the input of different litter
qualities but also through changes and modulation of decomposer communities (Luan et
al. 2021).

Previous studies have investigated the differences in litter decomposition and nutrient
cycling between bamboo and invaded forests. While it is suggested that the recalcitrance
of bamboo litter may slow down carbon cycling (Watanabe et al., 2013; Austin and
Marchesini, 2012; Tripathi and Singh, 1992), other studies comparing decomposability
of Moso bamboo litter with that of conifer or broadleaf tree species have reported rapid
decomposition rates of bamboo litter (Lin et al., 2019; 2020; Luan et al., 2021), indicating
that they could accelerate the carbon cycle. Understanding litter decomposition dynamics
in bamboo stands is crucial for evaluating the impacts of bamboo invasion on organic

matter cycling. However, there is still limited knowledge on the carbon and nutrient
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cycles in bamboo forests, and moreover, considerable uncertainties exist regarding the

strength and direction of litter decomposition drivers in these forests.

In order to clarify the regulation of carbon cycle in bamboo forests, it is essential to
identify the relative role of control factors over decomposition at the scale at which they
matter. At local scales, the amount of above and below-ground litter productions and their
decomposability play significant roles in soil carbon and nutrient dynamics. While
previous studies have primarily focused on leaf litter decomposability in bamboo forests,
far less is known about the decomposability of other plant organs. Considering the large
differences in structural and chemical traits among litter types, it is expected that
variations in litter quality have substantial effects in carbon and nutrient cycling.
Furthermore, very little is known on the quantitative importance between bamboo litter

traits and decomposer communities on whole-plant litter decomposition.

In addition, woody bamboo species have a very well-developed root system, which can
account for up to 30% of total bamboo biomass (Isagi et al., 1997). Consequently, below-
ground processes, including root litter decomposition, play a crucial role in predicting
soil carbon cycling in bamboo forests. However, mechanisms that control root litter
decomposition within the fine root system are still poorly understood in bamboo forests.
Thus, clarifying how variations in litter quality affect root litter decomposition within the
fine root branching system is essential to better understand how bamboo invasion impacts
soil biogeochemical cycles.

Furthermore, the expansion of unmanaged Moso bamboo stands has rapidly increased in
the last decades (Isagi and Torii, 1997; Okutomi et al., 1996). These abandoned stands
are characterized by high culm densities (> 8000 ind. per ha) (Yin et al., 2019) and the
accumulation of fallen dead culms on the forest floor (Shimono et al., 2021). Dead
bamboo culms have the potential to store carbon and nutrients; however, it is unknown
whether the fallen culms would play an indirect role in carbon and nutrient dynamics by
altering the decomposition process in the litter layer in bamboo stands.

At large scales, bamboo forests are distributed across various geographical regions and
are expanding rapidly, with an annual increase rate of 3% in recent years (Suzuki and
Nakagoshi, 2008). Given the wide environmental gradient in which Moso bamboo stands

occur, it is crucial to understand the influence of climate and abiotic factors on important
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processes such as litter decomposition. Understanding the relative importance of
decomposition drivers in Moso bamboo stands at regional scales could facilitate
predictions of the response of carbon and nutrient cycling to future environmental

changes.



1.3 Objectives and outline

The aim of this thesis is to improve our understanding of litter decomposition dynamics
in bamboo stands and elucidate the controlling factors regulating litter decomposition
processes. To this end, the influence of environmental factors (climate and soil
conditions) on litter decomposition were examined in several bamboo stands distributed
at a regional scale. Furthermore, the influence of litter quality and soil fauna on above-
and below-ground litter decomposition processes were evaluated at a stand-level. In
addition, the influence of dead culms and soil fauna on litter decomposition were
evaluated to better understand the potential consequences of management practices, such

as the removal of coarse woody debris in managed stands.
Thus, the specific objectives of this study are:

(1) To examine the factors controlling litter decomposition and stabilization at a
regional scale

(2) To elucidate the effects of litter quality and soil fauna on whole-plant litter
decomposition

(3) To elucidate the effects of chemical and morphological traits on fine root litter
decomposition

(4) To elucidate the effects of dead bamboo culms and soil fauna on leaf litter

decomposition

Consequently, the present study consists of four main chapters (Figure 1.1).

Chapter 1 (this chapter), includes the General Introduction, describes the background,

objectives, and the entire outline of this study.

Chapter 2 examines the effects of climate, soil and stand properties on standard litter
decomposition (tea bags) in Moso bamboo stands distributed along Kyushu Island
(southern Japan) and Taiwan. Consequently, variations in litter decomposition at a
regional scale were presented and the dominant factors affecting litter decomposition

rates and potential soil carbon sequestration were discussed.



Litter quality

@ Initial litter traits

@ Chemical traits
@ ® Morphological traits ®
@ Structural traits

Environment Decomposers
@ Climate Microarthropods
® Precipitation Acari, Collembola
® Temperature Community structure
® Soil abiotic conditions
@ Stand structure

Management

® Unmanaged stands
Coarse woody debris

Litter decomposition
in bamboo stands

Figure 1.1 Conceptual diagram of the factors controlling litter decomposition (boxes) and
specific factors and relationships assessed in this study (colored broken lines). Numbers above
the broken lines indicate the specific chapters of this study.

Chapter 3 investigates the effects of litter quality and soil fauna effects on whole-plant
litter decomposition in a Moso bamboo stand. This study involves a two-year
decomposition experiment that controlled the access of soil mesofauna during the
decomposition of branch, culm, fine root, leaves and rhizome litter. Consequently, the
contribution of litter traits and its potential interactions with soil mesofauna in whole-

plant litter decomposition were elucidated.

Chapter 4 investigates the influence of chemical and morphological controls in fine root
litter decomposition in three woody bamboo species (Hachiku [Phyllostachys nigra],
Madake [Phyllostachys bambusoides] and Moso [Phyllostachys edulis]). The effects of

9



chemical (chemical proximal analyses and biochemical quality) and morphological traits
among three root functional orders were considered to elucidate their effects in fine root

litter decomposition.

Chapter 5 evaluates the effects of dead bamboo culms and soil fauna effects on leaf litter
decomposition in an unmanaged Moso bamboo stand. This study involves a two-year
decomposition experiment of leaf litter under dead culms and on the forest floor with
access and restriction of soil mesofauna to the litter. The effects of dead bamboo culms
on soil abiotic factors (moisture and temperature) and on soil fauna assemblage in leaf
litter were evaluated to elucidate the indirect effects of dead culms on leaf litter

decomposition.

Chapter 6 includes the General Discussion and integrates the results of Chapter 3, 4, and

5 and their implications for organic matter cycling in bamboo stands.

Chapter 7 includes the General Conclusion of this study.
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Chapter 2

Climate, soil and plant controls on litter decomposition

2.1 Introduction

Moso bamboo [Phyllostachys edulis (Carriére) J. Houz, Poaceae] is one of the largest and
most common bamboo species in East Asia. It was originally introduced from subtropical
Chinato other regions, such as Japan, Korea, and Taiwan, for shoot and timber production
(Canavan et al., 2017). Owing to their rapid growth and underground rhizome expansion,
bamboo stands can rapidly displace the surrounding vegetation and progressively replace
them with monospecific stands (Okutomi et al., 1996; Isagi and Torii, 1997). This species’
invasive characteristics and the abandonment of previously managed stands have
contributed to the continuous expansion of unmanaged areas over the last 30 years
(Shinohara et al., 2014; Suzuki, 2015). Bamboo-dominated areas are currently distributed
over many geographical regions, and their expansion rates are expected to increase in the
future (Shinohara et al., 2014; Takano et al., 2017). As Moso bamboo stands occur along
a wide environmental gradient, there is a need to understand how environmental factors,
namely climate and edaphic conditions, control key ecosystem processes, such as litter
decomposition, at large scales. Understanding the relative importance of decomposition
drivers at regional scales could facilitate predictions of how carbon and nutrient cycling

in Moso bamboo stands will respond to future environmental changes.

Litter decomposition is an essential process regulating nutrient cycling and carbon storage
in terrestrial ecosystems. The decomposition of organic matter is mainly controlled by
climatic, biotic (litter quality and soil decomposers), and edaphic factors (Colteaux et al.,
1995; Aerts, 1997; Berg and McClaugherty, 2014). At larger scales, the interplay of
environmental and biotic factors affects the decomposition rate and stabilized material,
which later forms part of the soil organic matter (Prescott, 2010). Climate is regarded as
one of the most important environmental controls on litter decomposition at regional
scales (Meentemeyer, 1978; Berg et al., 1993; Epstein et al., 2002). The influence of
climatic drivers on litter decomposition has often been evaluated independently; however,

previous studies have shown that precipitation and temperature (or soil moisture and
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temperature) can interactively affect the decomposition process (Taylor et al., 2017;
Althuizen et al., 2018; Petraglia et al., 2019). Determining the thresholds at which the
effect of one climatic factor is conditioned by the other is key to understanding the
environmental controls of litter decomposition and soil carbon sequestration at broad
scales (Prescott, 2010).

In addition to directly affecting litter quality, plant communities can indirectly influence
the decomposition process through changes in litter input, soil microclimate, and
chemical conditions (Wardle et al., 2004; Fang et al., 2015; Joly et al., 2017). In plant
communities dominated by a single species, stand density and canopy structure variations
can affect litter accumulation on the forest floor and the input of belowground organic
matter (Penne et al., 2010; Na et al., 2021). Differences in litter accumulation may alter
the water-holding capacity of the surface layer and provide a different microclimate for
decomposer communities (Facelli and Pickett, 1991; Fekete et al., 2016). Variations in
below-and above-ground litter input can alter soil pH or nutrient status (Xu et al., 2013;
Liu et al., 2019b) and may indirectly affect belowground processes. In addition, canopy
coverage can affect soil moisture conditions through rainfall interception or by decreasing
the rate of evaporation from the soil through decreased sunlight (Prescott, 2002). Previous
studies have shown that canopy structure is an important indirect driver of decomposition
in regional and large-scale analyses (Joly et al., 2017; Wallace et al., 2018; Zhang et al.,
2019). However, the overall contribution of stand structure and organic matter input can
be masked by considering only their direct effects on litter decomposition (Wallace et al.,
2018). As several factors within the decomposition system often affect each other,
evaluating their direct and indirect effects could help elucidate the underlying

mechanisms that simultaneously control the decomposition process.

Variation in litter quality in plant communities is expected due to differences in climate
and soil conditions at broad scales. Litter decomposes faster in its original environment,
as decomposers are adapted to degrade native litter (Veen et al., 2015). This process is
known as home-field advantage and can represent potential pitfalls when evaluating the
effect of litter quality on the decomposition process. To avoid this potential bias,
Keuskamp et al. (2013) developed the Tea Bag Index (TBI) protocol based on two types
of tea substrate as standard litter material. The contrasting decomposability of the

substrates allows the calculation of the initial decomposition rate (k) and stabilization
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factor (S) after a short incubation period. Similar to the decomposition of other standard
materials (i.e., cellulose paper), the TBI approach cannot predict actual carbon dynamics
of native litter. However, the decomposition of tea substrates represents well the decay
patterns of plant materials (Didion et al., 2016; Blume-Werry et al., 2021) and has a
similar response to variations in moisture and temperature as local litter (Didion et al.,
2016; Mueller et al., 2018). Using substrates of known litter quality makes it possible to
exclude litter bias and better evaluate how environmental factors affect the decomposition
parameters k and S (Keuskamp et al., 2013; Didion et al., 2016). In several studies, the
TBI protocol was a reliable method for estimating the initial decomposition rates and the
later stabilization phase across different environmental conditions and ecosystem types
(Althuizen et al., 2018; Mueller et al., 2018; Petraglia et al., 2019).

In this chapter, | aimed to determine the relative importance of environmental factors,
namely, climate and soil, as drivers of litter decomposition in Moso bamboo stands. A
total of 13 sites comprising managed and unmanaged stands distributed along a broad
climatic and latitudinal gradient (spanning 23°N to 33°N) across southern Japan and
Taiwan were considered. Because the culm density of Moso bamboo varies depending on
the management conditions (managed stands maintain densities of less than 4,000 culm
ha!, whereas abandoned stands exceed densities of 8,000 culm ha™) (Inoue et al., 2018;
Yin et al., 2019), the variation in stand properties and input of organic matter as potential
drivers of decomposition was also considered. To avoid variation in litter quality and the
possible influence of home-field advantage from local litter, the TBI method (Keuskamp
et al., 2013) was used to estimate the decomposition parameters k and S as proxies for the
initial decomposition rate and long-term carbon accumulation, respectively. | first
investigated which controlling factors (climate, soil properties, stand properties, or
organic matter input) exert predominant control over k and S. Then, it was determined
how particular indicators of stand properties, organic matter input, and soil parameters
directly or indirectly affected the decomposition process. To understand the relative
contribution of climate, two types of temporal scales were considered: temporal climate,
which refers to the temperature and precipitation during the incubation period (90 days),
and long-term climate. It was hypothesized that climate would be an important driver of
kand S. However, it was expected that the temporal climate would mainly control k, while
the long-term climate would be more important for S. In addition, it was expected that

soil and organic matter input parameters would be relatively more important for S than

13



for k. Finally, it was expected that the stand structure variability of Moso bamboo stands
would indirectly affect the decomposition parameters through changes in organic matter

input and edaphic properties.

2.2 Materials and methods

2.2.1 Study sites

In total, 13 sites with Moso bamboo stands distributed along a wide latitudinal gradient

from 33° 60" Nto 23" 40" N across Taiwan and southern Japan were selected. Most

of these sites were located on Kyushu Island (southern Japan), and one site was located
in central Taiwan (Table 2.1). All locations corresponded to the warm temperate and
humid climate biome (Breckle, 2002). Moso bamboo was the dominant species in the
surveyed stands and few understory vegetation was present.

2.2.2 Climate data

Precipitation and temperature records were obtained from the Japan Meteorological
Agency (2019) and Taiwan Central Weather Bureau (2019) from the meteorological
station closest to each site. The mean annual temperature (MAT) and mean annual
precipitation (MAP) for 10 years (2008-2018) ranged from 12.6 to 19.3°C, and 1660—
3190 mm (Table 2.1). These data represented the “long-term climate.” The average daily
temperature and total precipitation during the incubation period (June—September 2018)
were obtained at the site level and represented the “temporal climate.” Precipitation and
temperature values were not correlated across sites (rs = —0.14, P = 0.34), whereas long-
term climate was positively correlated with temporal climate (temperature: rs =0.49, P <
0.01; precipitation: rs = 0.85, P < 0.001).
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Table 2.1 Location, environmental features, and mean values of stand structure characteristics
(stand density and DBH) and decomposition parameters (k and S) for the 13 sites. Average values
for each site (N = 4) are shown with S.D. in parenthesis. Average values of k and S in Taiwan
were calculated from N = 3.

. Stand
. Lat Lon Altitude MAT MAP . DBH
Site name i . o densit k S
(°N) (°E) (mas.l) (°C) (mm) (/ha) y (cm)
Ito North 33.6 130.2 58 16.7 1722 6250+ 118 0.015+ 0.19+

883 +05 0.002 0.03

Kasuya 33.6 130.5 161 16.1 1656 5781+ 87+ 0.022+ 020z
2127 1.6 0.005 0.02

Ito South 335 130.2 60 16.7 1722 7031+ 124 0.013+ 0.17%
1795 +12 0.001 0.02

lizuka 33.5 130.6 92 159 1874 8437+ 86+ 0014+ 0.12%
2576 1.2 0.001 0.04

Kurume 33.3 130.6 48 169 1987 6562+ 127 0.014+ 0.11=
2576 +12 0.001 0.04

Taku 33.3 130.1 181 149 2248 8437+ 124 0.022+ 0.12%
806 +0.2 0.003 0.03

Kurogi 33.2 130.6 110 154 2080 7968+ 128 0.0l16+ 0.17%
312 +05 0.004 0.07

Kumamoto 32.6 130.7 30 16.3 2274 4843+ 144 0.010+ 0.09%
1721 +0.2 0.001 0.01

Shiiba 323 1311 630 126 3193 7500+ 98+ 0.017+ 011+
1692 0.3 0.004 0.03

Satsumasendai 31.8 130.3 52 17.0 2380 3125+ 122 0.018+ 0.19%
managed 510 +0.6 0.003 0.05
Satsumasendai 31.8 130.3 43 17.0 2380 5937+ 119 0.016+ 0.12+
unmanaged 1943 +0.2 0.001 0.03
Takakuma 315 130.7 522 146 3072 5781+ 116 0.023+ 0.16+

1795 +1.0 0.005 0.02

Taiwan 23.6 120.8 1120 19.32 2793 5958+ 84* 0023+ 0.08%
3437 0.004 0.02

MAT, mean annual temperature; MAP, mean annual precipitation; DBH, diameter at breast height.

*Linetal. (2017)
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2.2.3 Soil properties

Four 2 m x 2 m plots were randomly established at each site, and soil properties were
surveyed at the plot level. Plots were carefully selected to minimize variations in other
soil conditions (slope, aspect, and distance to stand edges). Three soil core samples were
collected from a depth of 5 cm and oven-dried at 70°C to determine gravimetric water
content. From the fine soil fraction (sieve < 2 mm diameter), total carbon and nitrogen
concentrations were measured using a CN analyzer (Yanaco MT-700, Kyoto, Japan). Soil
pH (H20) (2:5 dry soil:distilled water ratio) was measured using a pH meter (Horiba D54-
S, Kyoto, Japan), and soil bulk density was determined from the soil core samples at
depths of 0-10 cm. The measured soil properties (pH, water content, bulk density, and
C/N ratio) showed high variation among sites and low within-site variability, indicating

high regional variation (Table 2.2).

2.2.4 Stand properties and organic matter input

We considered stand structure variability and the amount of organic matter input to be
potential drivers of litter decomposition. In each plot, we recorded the diameter at breast
height (DBH > 5 cm) and counted the number of individual living culms to estimate the
stand density. Canopy coverage was measured by obtaining hemispherical images 2 m
above the ground using a fish-eye lens. The photographs were then analyzed using the
software Gap Light Analyzer (Frazer et al., 1999).

In addition, leaf litter samples on the forest floor were collected using a 20 cm x 20 cm
frame to determine the amount of litter accumulated in the organic layer. Litter samples
were collected in mid-June 2018; therefore, they reflect the litterfall season in Moso
bamboo stands that occurs during April-May (Song et al., 2016). Fine roots were
separated from the soil samples and weighed to estimate the fine root biomass. Fine root
biomass and litter mass accumulated at the plot level were considered indicators of

organic matter input in the stands.

Because some of the surveyed sites corresponded to managed stands (five sites, i.e., KMT,
SBA, SSM, IZK, and TWN), high variability of stand density and organic matter input
properties were captured among plots and sites (Table 2.2). Regardless of management

status, there was no clear separation between managed and unmanaged sites in relation to
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stand structure and organic matter input variables. Moreover, the high within-site
variability indicated large local variation in the studied region.

Table 2.2 Description of factors and measured variables used in the structural equation model
and elsewhere. Mean values (N = 51*) + S.D. and range values among plots are shown.

Factor Variable Average + S.D. Range
Stand structure Stand density (ind ha't) 6441 + 2178 2500 - 11250
Canopy coverage (%) 93.6+0.8 91.8-95.3
Organic matter input Litter mass (Mg hal) 52+3.0 05-122
Fine root biomass (Mg ha?) 719.5+£413 56.0 - 1580.5
Soil pH 57+05 41-6.8
Bulk density (g cm®) 1.2+0.3 07-21
C (%) 6.5+3.1 2.1-16.3
N (%) 0.54 +0.25 0.17-1.18
C/N ratio 121+11 10.4-15.0
Water content (%) 05+0.2 01-1.1

* One plot was excluded from the Taiwan site. See section 2.2.5.

2.2.5 Litter decomposition measurements

The TBI method was used to evaluate the influence of environmental factors and stand
properties on decomposition. This method uses two types of tea (rooibos and green tea)
as standard materials. Owing to their contrasting litter qualities, green tea decomposes
faster than rooibos tea (Keuskamp et al., 2013). After approximately 90 days of litter
decomposition, the mass loss of labile materials in green tea is used to calculate the
stabilization factor (S), whereas the more recalcitrant materials still actively decomposing
in rooibos tea allows for the estimation of the short-term decomposition rate (k)
(Keuskamp et al., 2013).
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At the beginning of the summer season (June 2018), two green (Lipton, Unilever, EAN:
87 22700 05552 5) and rooibos tea bags (Lipton, Unilever, EAN: 87 22700 18843 8) were
placed on the soil in each plot, totaling 208 buried tea bags (4 tea bags x 4 plots x 13
sites). Following the method of Keuskamp et al. (2013), tea bags were collected after
approximately 90 days of incubation and oven-dried at 70°C for 48 h to calculate the mass
loss of each substrate. Because the tea samples had soil particles adhered to the substrates
after collection, the tea substrates were incinerated at 600°C for 6 h, and the ash mass was

subtracted from the dry mass to eliminate soil contamination in the samples.

The stabilization factor (S), which represents the proportion of the stabilized fraction that

becomes recalcitrant after the initial phase of decomposition, was calculated as follows:
S=1—ag/Hyq Equation 1.1

where ag is the decomposed fraction of green tea after incubation, and Hg is the
hydrolysable fraction of green tea (0.842 g g—1). Assuming that S is the same for both tea
substrates, the decomposable fraction of rooibos tea (ar) was calculated as follows:

ar=Hr(1-S) Equation 1.2

where Hr is the hydrolysable fraction of rooibos tea (0.552 g g™). The initial

decomposition rate constant (k) was estimated using the following decomposition curve:
X(t)=are ¥(1—ar) Equation 1.3

where X(t) represents the fraction of remaining rooibos tea at time t. The labile fraction
(ar) decomposes at rate k, whereas the recalcitrant fraction (1 — ar) is assumed to have a
negligible decomposition rate during the initial phase of decay (Keuskamp et al., 2013).
The mean values of k and S were calculated per plot, except for one plot located at the

Taiwan site, where teabags could not be recovered.

2.2.6 Data analysis

Multiple linear regression analysis was used to test whether the climatic conditions
affected the decomposition parameters. The best temporal and long-term climate models
that explain the variation of k and S were selected. For each model, interactions between

precipitation and temperature were also included. When these interactions were
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significant, we further analyzed the interactions using the Johnson-Neyman intervals
(Bauer and Curran, 2005). Temperature was considered as the conditional variable and
then calculated the main temperature intervals at which there would be significant
changes in the slope of precipitation to explain a decomposition parameter. The specified
alpha level for significance was set at P < 0.05. An adjustment was used to account for
inflating Type | errors to calculate intervals (Esarey and Sumner, 2018). Interaction
analysis and correction of intervals were performed using the “sim_slopes” function of

the interactions package (Long, 2021) in the R software v.4.0.2 (R Core Team, 2021).

Linear mixed-effects models were used to separately test the effects of stand structure
(stand density and canopy cover), organic matter input (litter mass and root biomass), and
soil parameters (pH, C/N, water content, and bulk density) on k and S. In these models,
the explanatory variables were considered fixed factors and the sites were included as
random factors. The Ime4 package was used to fit the linear mixed-effect models (Bates
et al., 2015). Collinearity among variables was evaluated using variance inflation factors
(VIF). Model selection was performed based on the lowest AIC, and then the R? (marginal
and conditional) of the most parsimonious model was extracted using the
“R.SquareGLMM” function of the MuMIn package (Barton, 2022).

The partial least squares structural equation model (PLS-SEM) approach was used to
explore the direct and indirect effects of stand structure, organic matter input, and soil
variables on k and S. Climatic variables were not included in the model because they
could affect the decomposition indices interactively, and SEM models cannot account for
such interactions. For a specific a priori model, we hypothesized that stand structure
properties would indirectly control decomposition. For instance, higher canopy coverage
increases soil moisture by reducing soil surface evaporation, thereby affecting the
decomposition parameters (Prescott, 2002; Joly et al., 2017). In addition, higher stand
density increases litter mass and fine root biomass, indirectly affecting k and S (Na et al.,
2021). It was expected that litter mass and root biomass would affect soil properties, such
as pH, water content, bulk density, and C/N ratio (Facelli and Pickett, 1991; Xu et al.,
2013; Liuetal., 2019b). Finally, it was expected that soil properties would directly control
both decomposition parameters (Prescott, 2010; Berg and McClaugherty, 2014). All data
were standardized prior to performing the structural equation model, and non-parametric

bootstrapping (5000 resamples) was employed to obtain the PLS parameter estimates. A
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bootstrap confidence interval of 95% to determine the significance of the path coefficients,
and only the significant pathways were retained in the final model (Hair et al., 2017).
PLS-SEM analysis was performed using the SmartPLS software v3.3.6 (Ringle et al.,
2015).

2.3 Results

2.3.1 Identifying the direct controls of k and S

Across sites, the mean values of k and S ranged from 0.010 to 0.023, and from 0.08 to
0.20, respectively (Table 2.1). Climate significantly affected both the decomposition
parameters (k and S). The most parsimonious model of the temporal climate explained
42% of the variance in k, whereas the long-term climate model explained only 16% (Table
2.3). Conversely, the long-term climate explained 21% of the variance in S, whereas the
temporal climate explained 14% (Table 2.3). In both climatic models, precipitation and
temperature interactively affected the decomposition rates. In the temporal climate model,
the effect of precipitation on k was dependent on specific temperature thresholds. When
the temperature was lower than 23.7°C, k decreased with increasing precipitation; when
the temperature was between 23.7 and 26.8°C, precipitation did not affect k; and when
the temperature was higher than 26.8°C, k increased with precipitation (Figure 2.1A). In
the long-term climate model, the interaction showed that when MAT was higher than
15.6°C, k increased with MAP, whereas when MAT was lower than that value, MAP had
no significant effect on k (Figure 2.1B). There was a nonlinear decrease in S with
temperature in both the temporal and long-term climate models, while S increased

nonlinearly with precipitation in the latter model (Table 2.3).
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Table 2.3 Results of regression models for the temporal and long-term climate models. R? and

AIC for the best models are shown.

k S

Slope (+SE) Adj.R? AIC Slope (+ SE) Adj.Rz AIC
a. Temporal climate a. Temporal climate

5.13 x 108 (+ ) - 6.43 x 103 (¢
txp 141 x 10%) 0.42 -418.78 t 251 x 10°9) 0.14 -160.03
b. Long-term climate b. Long-term climate
MAT x 3.16 x 10° (¢ ) -7.23 x10°% (¢
MAP 1.29 x 10%) 0.16 -400.12 MAT 2.85 x 10°9) 0.21 -166.03

9.65 x 10% (+
2
MAP 3.68 x 109)

Climatic variables included in the models represent: t = mean temperature during the incubation
period, p = total precipitation during the incubation period, MAT = mean annual temperature,

MAP = mean annual precipitation.

2x10°%

Slope of precipitation
\

-2x10°°

25'.0
Temperature (°C)

225

275

2x10°°4

Slope of MAP

n.s.
P<.05

-2x10°%4

15.0 175
MAT (°C)

Figure 2.1 Johnson-Neyman plots showing the interactions between temperature and
precipitation on the initial decomposition rate (k) in the (A) temporal climate and (B) long-term
climate model. Dash lines show the temperature thresholds at which there are significant changes

in the effect of precipitation on k.
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The linear mixed-effects models showed that stand structure, organic matter input, and
soil parameters had no significant influence on the initial decomposition rates across sites
(Table 2.4). Fine root biomass had a marginal effect on S (P < 0.1) in the most
parsimonious model of organic matter input and explained only 6% of the variance
in S (Table 2.4).

Table 2.4 Results of multiple linear mixed models testing the effects of stand structure, organic
matter input, and soil parameters on k and S. R*m, R?c, and AIC of the most parsimonious models
are reported, and the retained variables are shown in bold.

k S
Slope (+ SE) R?m/R%c  AIC Slope (+SE)  Rm/R%c AIC
Stand
Structure
. - 146 x 10* - 9.29 x 103
Stand density (6.06 x 10*) - (6.21 x 10°%) - -
Canoov cover T 392 X 10 101 x 102 )
Py (6.13 x 10%) (6.27 x 10°9)
Organic matter
input
Litter mass 6.17 x 104 (7.25 - 810 x 10% )
x 104) (7.52 x 10%9)
Fine root - 4.99 x 10* - 1.21 x 10
biomass (7.03 x 104 i (7.26 x 103) 0.06/0.52  -154.57
Soil
- _4 _3
We 790 x 10% 341 x 10% )
(7.96 x 10%) (8.73 x 103
H 413x10°(1.07 132 x 102 )
P x 10°%) (1.17 x 10?)
BD 1.37x103(1.28 - 9.81 x 10% )
x 10%) (1.38 x 102)
cIN - 418 x 10* 576 x 103 )
(7.50 x 104 (8.22 x 10%)




2.3.2 ldentifying the indirect drivers of k and S

PLS-SEM models accounted for 23 and 27% of the variation in k and S, respectively
(Figure 2.2). The model revealed interconnected relationships among the decomposition
drivers, but none of the stand structure, organic matter input, or soil variables directly or
indirectly affected k (Figure 2.2A). However, the model showed indirect cascading
effects from stand density to S, mediated by changes in organic matter input and soil bulk
density (Figure 2.2B). Stand density had a significant direct influence on litter mass (0.28)
and fine root biomass (0.25). Both fine root biomass and litter mass negatively affected
the soil bulk density (—0.22 and —0.31, respectively), while the latter negatively
influenced litter stabilization (—0.31). Overall, this indicated that stand density and
organic matter input had indirect positive effects on S, mediated by changes in soil bulk
density. Although canopy cover did not affect soil conditions (Figure 2.2), these results
demonstrate that stand structure variability can modify the soil environment and

indirectly influence litter stabilization.
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Figure 2.2 Structural equation models showing the effects of stand structure (stand density and
canopy cover), organic matter input (fine root biomass and litter mass), and soil variables (bulk
density, pH, C/N ratio, and water content) on (A) the initial decomposition rate (k) and (B) the
stabilization factor (S). R? values represent the proportion of total variance explained by the model.
Significant paths are shown in black arrows with solid and dashed arrows representing positive

and negative effects, respectively.
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2.4 Discussion

The climate variables were the most important drivers of the initial decomposition rate
(k) and stabilization factor (S). However, the temporal scales of the climate affected the
decomposition indices differently. The temporal climate was relatively more important,
explaining 42% of the variation in k. This could be attributed to the variation in
temperature and moisture conditions during the incubation period, which can directly
influence microbial activity and leaching of soluble compounds, the latter of which is an
important driver of mass loss in the early phases of litter decomposition (Cotrufo et al.,
2010; Berg and McClaugherty, 2014). Conversely, the stabilization factor was primarily
controlled by the long-term climate (21%) compared with the temporal climate (14%).
Similar to these results, Althuizen et al. (2018) found that the long-term climate regime
was more important for litter stabilization than variations in the short-term climate. The
selected long-term climate model showed that temperature had a stronger effect on S
despite low variability across the climatic gradient. The temperature sensitivity of carbon
stabilization is a key factor in regulating soil carbon stocks (von Litzow and Kdgel-
Knabner, 2009). In warm temperate areas, soil carbon losses occur as microbial activity
and heterotrophic respiration increase with temperature (Jackson et al., 2017). Although
a negative nonlinear relationship between temperature and S was found, this contrasts
with that of Xu et al. (2018), who reported that soil carbon stocks in Moso bamboo stands

decreased linearly with mean annual temperature across a latitudinal gradient.

Compared to other vegetation types in the region (Suzuki et al., 2019), the decomposition
parameters in Moso bamboo stands from this study were in the upper and lower range for
kand S, respectively (Figure S2.1). The differences in the decomposition of standard litter
could be attributed to the variation in environmental and site-specific conditions. Moso
bamboo invasion into neighboring forests can lead to changes in the decomposition
environment through the input of more recalcitrant litter (Song et al., 2016; Liu et al.,
2019a). The slightly higher S (although not significantly different) in Moso bamboo
stands than that of evergreen broadleaved forests could be related to the recalcitrance of
bamboo litter and its lower decomposition rates, which may result in higher soil organic
matter accumulation in the long-term (Liu et al., 2021). In addition, belowground biomass,
which is significantly higher in Moso bamboo in comparison with evergreen broadleaved
forests (Wang et al., 2013), may potentially contribute to increased carbon input and

organic matter accumulation (Qin et al., 2017). The average k in Moso bamboo were
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comparable with that of evergreen broadleaf forests and higher than those of deciduous
broadleaf, coniferous, mixed (broadleaf-conifer) forests and alpine shrubs. Similar initial
decomposition rates in bamboo stands and evergreen broadleaf forests suggests that k was

mainly influenced by climatic factors.

The interaction between precipitation and temperature was an important determinant of
the variation in k. In this regional study, the effect of precipitation on k was mainly
controlled by temperature thresholds. Increasing precipitation accelerated the initial litter
decomposition at warmer sites, whereas decomposition was not determined and was
negatively influenced by precipitation at the middle-range temperature and cooler sites,
respectively. In this study, cooler sites were located at high altitudes and corresponded to
locations with high mean annual precipitation (>3,000 mm). The negative effect of
precipitation at these sites could be explained by the high amount of rainfall and oxygen
depletion in soils, which can affect microbial communities and limit decomposition rates
under such conditions (Schuur, 2001; Althuizen et al., 2018). Previous studies using the
TBI method found that the effects of soil temperature on decomposition rates were
dependent on soil moisture (Petraglia et al., 2019; Sarneel et al., 2020), indicating that
complex interactions can affect decomposition rates during the early stages. Taylor et al.
(2017) showed that, similar to our sites, warmer locations in tropical forests were

associated with enhanced decomposition only under conditions of higher precipitation.

In this study, neither stand characteristics nor site conditions affected the initial
decomposition rate (k). Specifically, soil properties had no direct effect on k, despite being
important modulators of the abundance and activity of soil microbial communities and
microarthropods (Prescott, 2010; Berg and McClaugherty, 2014). The limited
contribution of soil parameters to k may be related to the greater importance of the
leaching process during the early phases of litter decomposition (Cotrufo et al., 2010).
However, as this study only focused on the controls of initial decomposition rates, the
relative importance of soil parameters might change during the later stages of
decomposition (Garcia-Palacios et al., 2016). It is also important to note that climate data
aggregated at the site level could lead to a larger contribution by climate on
decomposition rates at large scales of analysis (Bradford et al., 2016). This could mask
the contribution of other decomposition drivers at the local scale, such as variations in the

microbial communities (Bradford et al., 2017). In addition, because water availability is
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an important driver of mass loss in tea bags (Djukic et al., 2018; Blume-Werry et al.,
2021; Mori et al., 2021), the local-scale conditions of soil moisture measured
continuously throughout the incubation period may better explain the variation in initial

decomposition rates.

Contrary to expectations, the linear mixed-effect model showed no influence of soil
properties on S, despite being highly variable across the studied region. However, SEM
analysis, which tests the causal relationships among variables, showed that soil bulk
density was negatively related to the stabilization factor. Organic matter can be stabilized
in the soil through the physical protection of soil microaggregates. This mechanism
protects organic matter from decomposition and, consequently, favors its accumulation
in the soil (Six et al., 2002). Generally, increasing soil bulk density reflects a high degree
of compaction and low porosity in the soil (Soane, 1990). As such, high bulk densities
could lead to decreased micro-aggregation in soils and reduce the stabilization of organic
matter (Six et al., 2002). In a previous study, Zhang et al. (2015) showed that soil bulk
density was negatively associated with the topsoil organic carbon and was a good
predictor of its spatial variation in Moso bamboo stands. The negative association
between soil bulk density and litter stabilization found in this study further suggests that
variations in soil structure could be important determinants of organic matter stabilization

and potential soil carbon sequestration.

Stand structure did not directly explain the variability of the decomposition parameters;
however, the SEM model showed indirect cascading effects from stand density to S. In
the present study, bamboo stands with higher densities had increased amounts of litter
mass accumulated on the forest floor and higher fine root biomass. Increasing litter mass
and fine root biomass indirectly and positively affected the stabilization factor (S) through
their effects on soil bulk density and not through soil microclimatic conditions, as initially
expected. Above- and below-ground organic matter inputs can substantially influence the
soil structure and carbon accumulation (De Deyn et al.,, 2008). For instance,
rhizodeposition from roots is a source of labile carbon in the soil that can increase the
presence of soil aggregates and binding structures and enhance the soil structure (Jobbagy
and Jackson, 2000; Traoré et al., 2000). By altering soil structure and pores in the soil,
roots can modify soil aggregation and short-term stabilization (Morel et al., 1991; Six et

al., 2004). Additionally, litter decomposition and root turnover allow the progressive

27



accumulation of organic matter in the soil (Jastrow and Miller, 1998), which has the
potential to improve soil structure and promote organic matter stabilization (Kay, 1998;
Abiven et al., 2009). Yang et al. (2021) showed that increased input of organic matter in
extensively managed Moso bamboo stands were positively associated with soil aggregate
stability and soil organic carbon. Altogether, these results suggest that variations in stand
density and organic matter input in bamboo stands can modulate changes in soil structure

and represent important indirect biotic controls of litter stabilization.

Variations in stand density and organic matter input in bamboo stands can represent
important plant controls affecting below-ground processes and may be particularly
relevant in bamboo-dominated communities that form dense monospecific stands and
underground root networks (Fukuzawa et al., 2007; Yin et al., 2019). Unmanaged stands
have higher densities than managed stands (Chen et al., 2016; Yin et al., 2019). However,
the managed stands considered in this study had great variation in stand densities and did
not differ in stand structure and organic matter input variables compared to unmanaged
stands. Nevertheless, it is important to note that different management practices can affect
soil conditions and may have further consequences for below-ground functions (Fu et al.,
2014; Yuen et al., 2017; Yang et al., 2021). In addition, the time of management, or in
the case of unmanaged stands, the time of abandonment, might also be factors to consider
when evaluating below-ground processes and soil carbon storage (Yin et al., 2019; Yang
et al., 2021). Although the effect of such factors may be inherent in the studied sites, our
results still provide an understanding of the mechanisms by which stand structure controls
organic matter stabilization and the potential soil carbon storage in bamboo stands. These
results may provide further insights into how specific management practices (i.e.,
thinning) and the variability of stand density could influence the decomposition process
in Moso bamboo stands.
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2.5 Conclusion

This chapter suggests that climatic factors are the main drivers of decomposition
processes in Moso bamboo stands on a regional scale. Long-term climate greatly
influenced litter stabilization, whereas k was mostly affected by temporal climatic
conditions. The analysis also revealed that k was strongly affected by the interaction
between precipitation and temperature, suggesting that precipitation only accelerated the
initial decomposition rates at warmer sites. Overall, stand structure and soil properties
had limited direct effects on both the decomposition parameters. However, indirect
cascading effects from stand density affected litter stabilization through variations in the
amount of organic matter input and their consequent modifications to soil bulk density.
These results demonstrate the importance of identifying direct and indirect pathways to
disentangle the different mechanisms controlling litter decomposition and stabilization.
Finally, the particular relevance of climate in this region suggests that changes in
precipitation regimes or temperature would greatly affect the early phases of

decomposition and potential soil carbon storage in Moso bamboo stands.

29



Chapter 3

Litter quality and soil fauna effects on whole-plant litter
decomposition

3.1 Introduction

Plant litter decomposition is an essential process in the biogeochemical cycles of
terrestrial ecosystems, influencing soil fertility and the carbon cycle (Chapin etal., 2011).
At local scales, litter quality and the decomposer communities are the primary drivers of
organic matter decay (Couteaux et al., 1995; Bradford et al., 2016). Chemical traits such
as nitrogen and lignin concentration influence the metabolism of microbial decomposers
and strongly regulates litter decomposability (Cornwell et al., 2008, Cornelissen and
Thompson, 1997). For instance, higher litter nitrogen concentrations are associated with
rapid decomposition, while higher lignin concentrations are associated with slower
decomposition (Freschet et al., 2012; Cornwell et al., 2008). Litter structural and
morphological traits can also affect litter decomposability by affecting the quality of
habitat for decomposer communities. Differences in microenvironmental conditions and
available surface area for colonization can be determined by the shape and form of litter,
while litter physical resistance may prevent fragmentation by decomposers. In general,
decomposition rates show a negative relationship with density and dry mass content
(Zukswert and Prescott, 2017; Kazakou et al., 2019), and a positive relationship with litter
water retention capacity (Makkonen et al., 2013). Chemical and structural traits that affect
decomposition vary between plant organs (i.e., leaves, branches, stems, roots) and are
essential in predicting whole-plant litter decomposability (Freschet et al., 2013). However,
much less is known about how the afterlife effects of above and below-ground organs
affect the role of soil faunal decomposers in whole-plant litter decomposition and nutrient

mineralization.

Soil fauna play a significant role in litter decomposition by directly breaking down and
consuming litter and indirectly interacting with microbial communities (Chapin et al.,
2011; Garcia-Palacios et al., 2013). While the role of litter quality in decomposition is
generally well known, the contribution of soil fauna to decomposition in relation to

different litter qualities still remains poorly understood. Previous studies showed that soil
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fauna enhanced the decomposition of chemically labile leaf litter across several species
(Coqg et al., 2010; Fujii et al., 2018; Schadler and Brandl, 2005), while others showed that
soil fauna played a greater role in the breakdown of recalcitrant litter (Filser, 2002; Yang
and Chen, 2009). In contrast, Lin et al. (2019) found that soil fauna enhanced leaf litter
decomposition in subtropical tree species, but their contribution to litter mass loss or
nutrient release was not modulated by litter quality. Among plant organs, soil fauna had
a higher contribution to the decomposition of leaf litter compared to root litter in tree
species (Fujii et al., 2018; 2016), while faunal effects on root litter decay were greater
than on leaf litter in grassland species (Song et al., 2020). These contrasting results
suggest that soil fauna effects on litter decomposition and nutrient mineralization cannot
be generalized and that their interactions with litter quality may depend on several factors
(i.e., litter type, climate, soil conditions, incubation period) (Kampichler and Bruckner
2009). Moreover, the involvement of soil fauna in litter decomposition may differ
between organs in response to litter palatability and their contrasting structural and
morphological characteristics. Substrate differences can attract different faunal
communities during litter decomposition (Fujii and Takeda, 2012; Fujii and Takeda,
2017). However, there is still large uncertainties about the community composition of soil
mesofauna involved in above- and below-ground litter decomposition, and how it affects

litter mass and nutrient loss, particularly for organs other than leaves and roots.

The aim of this chapter is to elucidate the contribution of soil mesofauna to whole-plant
litter decomposition in a Moso bamboo (Phyllostachys edulis) stand. To evaluate the
effects of litter type, soil fauna and their interaction on litter mass, carbon and nitrogen
loss, and respirations rates, a litterbag experiment was performed with two litter mesh
sizes to allow or restrict soil mesofauna presence on leaf, fine root, rhizome, branch and
culm litter. As litter quality influences the decomposability of substrates and the activity
of microbial decomposers, it was hypothesized that: (i) variations in the initial chemical
and physical litter traits will influence the mass, carbon and nitrogen loss in Moso bamboo
organs during decomposition. Given the potential interaction between soil fauna with
litter quality (Yang and Chen, 2009; Coq et al., 2010; Fuijii et al., 2018), the hypothesis
that: (ii) soil fauna contributes more to the decomposition of high-quality organs than
low-quality organs was further tested. In addition, the changes in soil fauna community

during the decomposition of Moso bamboo organs were also evaluated.
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3.2 Materials and methods

3.2.1 Site description

The decomposition experiment was conducted in an unmanaged Moso bamboo forest
(Phyllostachys edulis) in Kasuya Research Forest, Kyushu University, located in Fukuoka
prefecture, Japan (33°37'53.25"N, 130°30'31.83"E). The mean annual precipitation is
1650 mm, 50% of which falls during the rainy season from July to September. The mean
annual temperature is 15.6°C, with minimum and maximum temperatures in January
(3°C) and August (32°C), respectively (Japan Meteorological Agency, 2019). The
bamboo stand is located near to an invaded broadleaf forest and extends into
approximately 0.43 ha. The decomposition experimental plots were established in a
bamboo dominated area with an average stand density and DBH (diameter at breast

height) of 7500 culms ha™ and 10.83 cm, respectively.

3.2.2 Experimental design and setup

All bamboo organs were collected between April and May 2019. Leaf litter was collected
from litter traps and directly from the forest floor. Culm and branch litter samples were
obtained from standing dead individuals. Culms were first cut into disk sections of 10 cm,
and then into 3 cm-width pieces, with the longest dimension corresponding to the vertical
orientation of the fibers. Branches (1-4 mm diameter) belonging to the second order
branching were selected and cut into 7 cm long pieces. Below-ground organs were
collected by digging out the soil up to 15 cm-depth. Rhizome samples were cut into pieces
of 3 cm long. Rhizome and fine roots (< 2 mm diameter) were washed and cleaned from
soil particles. All litter samples were oven-dried at 70°C for two days to a constant weight

to determine the initial dry mass.

The litterbag method was used to measure the decomposition of bamboo organs. The
effects of soil fauna on litter decomposition were evaluated using 42 um and 1 mm mesh-
size litterbags, which restricted and allowed the entrance of soil mesofauna, respectively.
All litterbags (10 x 10 cm) were filled with approximately 3 g of litter dry weight (DW).
Five replicate plots (2 x 2 m) were established in the bamboo stand. Each plot was divided
into two subplots, where five bamboo organs of 1 mm mesh size litterbags were placed
in one subplot and the ones of 42 um mesh size litterbags were placed in the other. A total

of 300 litterbags (five organs x two mesh sizes x six collection times x five plots) were
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placed on the forest floor in June 2019. Litterbags were retrieved after 90 d (September
2019), 180 d (December 2019), 270 d (March 2020), 360 d (June 2020), 540 d (December
2020), and 720 d (June 2021).

3.2.3 Initial litter traits measurement

An additional set of organ samples were prepared to quantify the initial chemical, physical
and morphological traits potentially related to litter decomposition. Chemical properties
included carbon, nitrogen and ash concentration. Oven-dried litter samples were ground
to powder. Initial carbon and nitrogen concentrations were measured by dry combustion
using a CN analyzer (Yanaco MT-700, Kyoto, Japan). Ash concentration was determined
by ignition combustion in a muffle furnace at 600°C after 6 hours. Lignin content was
determined by the gravimetric method of the thioglycolic acid (TGA) as described by
Shimada et al. (2019). The recovery of lignin obtained by this method was confirmed by
using standard lignin [lignin (alkaline) Nacalai Tesque, Kyoto, Japan] with different
sample amounts, which were completely recovered after TGA (R? = 0.99). Note that the
lignin obtained by TGA is not entirely lignin and thus contains some undissolved proteins.
Silica content was determined by the gravimetric method with wet digestion. Briefly, 500
mg ground samples were digested with 3 ml nitric acid and 0.5 ml hydrogen peroxide in
a block heater (110°C). The residue was filtered using a filter paper, burned at 550 °C for

2 hours and weighted as silicate (SiOy).

Physical traits included water holding capacity (WHC), density and dry matter content
(DMC); and morphological traits included specific area (SA) and three-dimensionality
(3-D). Water saturation or WHC represents the amount of water that can be preserved in
an organ. For this, bamboo litter was sprayed with 3 ml of water every three hours for 48
h, then the wet weight was compared to the dry weight and expressed as %H20 g
(Makkonen et al., 2013). Organ DMC was calculated as the oven dry mass (g) divided by
the water saturated fresh mass (g). Three-dimensionality was expressed as the litter total
surface area per volume (cm? cm™), and specific area was calculated as the total surface
area of the organ (cm?) divided by the oven dry mass (g). Litter area was measured using
ImageJ (Abramoff et al., 2004) and litter volume was measured using the displacement
method (Chave et al., 2006). Organ density was calculated by dividing the oven dry mass
(9) by the fresh volume (cm?).
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3.2.4 Litter mass loss and C and N dynamics

After each collection, litter samples were oven-dried to a constant weight at 70 °C for 48
h to determine their final dry mass. Litter mass loss (%) was calculated as: (Mo - Mt)/Mo
x 100, where M, and M:; are the initial dry mass before incubation and at each collection
time, respectively. Carbon and nitrogen loss (%) were determined using the formula: [(Mo
x Co) — (Mt x Cy)]/(Mo % Co) x 100, where C, is the initial concentration of carbon or
nitrogen (% of the litter dry mass) and C is the concentration of carbon or nitrogen in the
decomposing litter at time t.

The amount of N release, N immobilization and net N release were calculated as:

Nretease = 100 — Nmin Equation 3.1
Nimmobilization = N720 — Nimin Equation 3.2
Net N release = Nretease — Nimmovilization ~ Equation 3.3

where Nreease 1S the maximum amount (%) of N release, Nimmobilization IS the amount (%) of
N immobilized, Nmin is the minimum N remaining (%) during decomposition, and N72o is

the N remaining (%) after 720 days of decomposition.

3.2.5 Litter respiration rates

After each retrieval, litter samples were cleaned from soil particles and brought to the
laboratory to measure litter respiration rates in a closed dynamic chamber fitted with an
infrared gas analyzer (IRGA; GMP343; Vaisala Group, Vantaa, Finland). CO. efflux was
measured inside a room at constant air temperature (25°C) within the first 6 h after
collection. The sample temperatures were measured with an infrared thermometer. Each
litter sample was enclosed in the chamber for ~3 min. The litter respiration rates were
calculated from the slope of the linear increase in CO, concentration inside the chamber

and expressed as nmol CO> per unit litter dry mass (g) per unit time (s).

3.2.6 Soil fauna community

Immediately after the litter respiration measurements, litter samples from the 1-mm mesh
litterbags were placed in a Tullgren extractor for 5-7 d to collect any soil mesofauna
(Coleman etal., 1992). Invertebrates were identified to order level, except for Acari,

which were classified to the suborder level (Krantz and Walter, 2009). The relative
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densities of the individuals and the soil fauna orders were expressed as number of
individuals and orders per gram dried litter, respectively. The Shannon-Wiener diversity
index was calculated as: H' = — Y3_, p; In p;, where pi = (number of individuals per

order / total number of individuals), and S = order richness.

3.2.7 Data analysis

Litter decomposition rates (k) were calculated using a negative exponential model: M¢ =
Moe™, where Mo is the initial litter mass, M, is the mass remaining after time t, and k is
decay rate constant (Olson 1963). The contribution of soil fauna to litter mass was
calculated as: fauna effect (%) = (mass loss in 1mm mesh size litterbags - mass loss in 42

pum mesh size litterbags)/(mass loss in 1mm mesh size litterbags) x 100.

Linear mixed effects models (LMMSs) were used to determine the effects of litter type,
soil fauna, decomposition time and their interactions on mass, carbon and nitrogen loss,
and litter respiration rates, respectively. Soil fauna (mesh size) and litter type (organ)
identity nested within plots were included as random effects to account for the spatial
autocorrelation. The corAR1 function was used to account for the temporal pseudo-
correlation associated with multiple litterbag collections over time, with ‘decomposition
time’ (days) defining the correlation structure. The normal distribution and homogeneity
of variance of the model residuals were checked, and the model with the lowest AIC was

chosen as the best model.

A principal component analysis (PCA) was used to visualize the overall variation in
morphological, physical and chemical traits of bamboo organs. The axis that explained
the greatest variation of the organ traits was chosen for evaluating the relationship
between litter traits and litter decomposability (mass, carbon and nitrogen loss). To test
whether the effect of soil fauna altered the relationship between litter traits and
decomposition, slope and intercepts were tested for significance with standardized major
axis regressions (SMA). In addition, correlations between each individual trait with mass,
carbon and nitrogen loss for the 42 um and 1 mm mesh bags were tested using ordinary

least squares regression (OLS).

To evaluate the effects of litter type and decomposition time on soil fauna density, order
richness and diversity, generalized linear models (GLMs) were used. Order richness

followed a Poisson distribution, Shannon diversity followed a Gaussian distribution and
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for individual density a quasipoisson link function was used due to the high number of
zeros. P-values for comparing least square means in the GLMs were adjusted for multiple
comparison using LSD Fisher. All statistical analyses were performed in R version 4.0.2
and the following packages: stats (R Core Team 2022), vegan (Oksanen et al., 2020) and
smatr (Warton et al., 2012).
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3.3 Results

3.3.1 Litter type and soil fauna effects on litter decomposition, C and N dynamics
and respiration rates

There were significant differences in the decomposability of the five litter types. In the
presence of soil mesofauna, litter decomposition rates (k) followed the ranking of leaves
(0.37) > fine root (0.22) > rhizome (0.15) = branch (0.15) > culm (0.08) litter. Overall,
soil fauna decreased the litter decomposition rates of branch and leaf litter, reducing their

mass losses by 31% and 12%, respectively (Table 3.1).

Litter mass loss and carbon loss were affected by the interactions between litter type, soil
fauna and decomposition time (Table 3.2). After 720 days of decomposition, litter mass
loss was the highest in leaves, followed by fine root, rhizome, branch and culm litter
(Figure 3.1). Similarly, carbon loss was greater for leaf litter (59.6 %) and lower for culm
litter (10.8%) (Figure 3.1, Table 3.3). Soil mesofauna decreased the mass and carbon loss

of branch and leaf litter only at later stages of decomposition (after 520 d) (Figure 3.1).

Similar to mass and carbon loss, litter nitrogen loss was also affected by the interactions
between litter type, soil fauna and decomposition time (Table 3.2). Branch, culm, rhizome
and fine root litter showed similar nitrogen loss patterns, with periods of high N
immobilization at early stages of decomposition (Table 3.3, Figure 3.1). Leaf litter
showed the lowest N immobilization among litter types and had consistent N loss during
the decomposition period (Table 3.3, Figure 3.1). However, given the higher N release in
culm and rhizome litter (60.9% and 56.7% in the presence of fauna, respectively), their
net N release (35.7% and 24.5% with fauna, respectively) was higher than that of leaf
litter (12.8% with fauna) (Table 3.3). Soil mesofauna decreased leaf litter nitrogen
immobilization and nitrogen loss at 720 d, whereas they increased culm litter nitrogen
loss at 360 d and 520 d (Table 3.3, Figure 3.1). Overall, the presence of soil mesofauna

did not affect the net N release of bamboo litter during decomposition (Table 3.3).

Litter respiration rates were affected by the interaction between litter type and
decomposition time (Table 3.1, P < 0.001). On average, litter respiration rates followed
the ranking of leaves > fine root > rhizome > branch > culm litter (Figure 3.2). Soil fauna
had no effect on litter respiration rates, however, the presence of soil mesofauna decreased

litter respiration rates in branch litter only at 720 d (Figure 3.2).
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Table 3.1 Decomposition rates (k) of bamboo litter in the presence (1mm) and absence of soil
mesofauna (42 um). Capital letters indicate significant differences in the decomposition rates
among litter types (P < 0.05), while lower-case letters indicate differences in decomposition rates
(k) between the mesofaunal treatments (P < 0.05). Faunal effects (%) are only shown for litter
types where k with fauna vs. without fauna were significantly different.

Litter type 1 mm (with fauna) 42 pm (without fauna)  Fauna effect (%)

k k
Branch 0.15+0.01aB 0.23+0.03bB -309+78B
Culm 0.08 £0.01 aA 0.11+0.02 aA
Fine root 0.22 +£0.02 aC 0.23+0.01aB
Leaves 0.37x0.01aD 0.44 £ 0.02 bC -11.9+3.7A
Rhizome 0.15+0.02 aB 0.19+0.02 aB
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Table 3.2 Results of general linear models evaluating the effects of litter type, soil fauna,
decomposition time and their interactions on litter mass, carbon and nitrogen losses, and
respiration rates. Significant effects (P < 0.05) are shown in bold.

Variable Source of variance df F P
Mass loss (%) Litter type 4 1772.31  <0.001 ***
Soil fauna 1 2.13 0.15
Time 5 275.88 <0.001 ***
Litter type x Soil fauna 4 9.80 < 0.001 ***
Litter type x Time 20 9.84 < 0.001 ***
Soil fauna x Time 5 3.90 <0.01**
Litter type x Soil fauna x Time 20 1.35 0.15
Carbon loss (%) Litter type 4 1695.35 <0.001 ***
Soil fauna 1 6.32 0.01*
Time 5 264.38 <0.001 ***
Litter type x Soil fauna 4 12.95 <0.001 ***
Litter type x Time 20 10.86 <0.001 ***
Soil fauna x Time 5 3.48 <0.01**
Litter type x Soil fauna x Time 20 1.72 0.03
Nitrogen loss (%) Litter type 4 83.19 < 0.001 ***
Soil fauna 1 0.59 0.44
Time 5 115.44 < 0.001 ***
Litter type x Soil fauna 4 2.91 0.02*
Litter type x Time 20 32.56 <0.001 ***
Soil fauna x Time 5 0.67 0.64
Litter type x Soil fauna x Time 20 1.80 0.02*
R’Essp_)li)ration rate (nmol CO; Litter type 4 10.85 < 0.001 ***
] Soil fauna 1 1.76 0.18
Time 5 238.86 <0.001 ***
Litter type x Soil fauna 4 0.74 0.57
Litter type x Time 20 29.12 <0.001 ***
Soil fauna x Time 5 0.48 0.79
Litter type x Soil fauna x Time 20 0.72 0.80
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Figure 3.1 Effects of soil fauna and decomposition time on the mass, carbon and nitrogen loss in branch, culm, fine root, leaves, and rhizome litters.
Significant effects are shown as: P <0.05 *, P < 0.01 **, P < 0.001 ***, and ns: not significant.



Table 3.3 Mean (£ S.E.) carbon loss (%, after 720 days), nitrogen release (%), nitrogen immobilization (%) and net nitrogen release (%) of bamboo litter in the
presence (1 mm) and absence of soil mesofauna (42 um). Different capital letters indicate significant differences in the decomposition rates among litter types

(P < 0.05), while different lower-case letters indicate differences in decomposition rates between the mesofaunal treatments (P < 0.05).

Litter C loss (%) N release (%) N immobilization (%) Net N release (%)

vPe 1 mm 42 um 1 mm 42 um 1 mm 42 um 1 mm 42 um

Branch 27.5+3.7aBC 39.3+4.0bB 357+4.1aB 33.7+38aA 283x75aB 195+40aA 184%x6.6aAB 242+7.7aA
Culm 10.8x2.4aA 156+23aA 609+£40aC 645+54aB 25.2+5.0aB 36.3+£9.0aB 35.7+4.1aC 28.2+£6.2aA
Fineroot 37.2+4.3aC 414 +23aB 352+55aB 41.2x38aA 168+7.2aB 20.0x4.0aB 18.4+3.4aB 21.2+48aA
Leaves 506 +2.1aD 64.7+14bC 186x16aA 33.1+48bA 58+31aA 142+49bA 128+28aA 18.9+4.2aA
Rhizome 26.3+2.6aB 35.0+27bB 56.7+x36aC 55.7+40aB 322+73aB 224+ 66aB 245+56aBC 33.2+45aB




90 days 180 days

0.08 4
B with fauna
[] without fauna
0.06 - 2.
0.04 - I
1 -
0.02
0.00- 0- .D»
g 270 days 360 days
o 3
°
£
£
0 24
2
o
c
2 11
: 1
a
4 0-
o

540 days 720 days

0.05
2.0+
0.04 4
1.54 *
0.03 4
1
1.0
0.02 4
0.014 057
0.00- 0.0-
Branch  Culm Fine root Leaves Rhizome Branch  Culm Fine root Leaves Rhizome

Figure 3.2 Soil fauna effects on litter respiration rates in five litter types (organs) at different
retrieval times. Significant effects are shown as: P < 0.05 *, P < 0.01 **, P < 0.001 ***,
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3.3.2 Initial litter traits of bamboo organs

Initial litter traits were different across litter types (Table 3.4, P < 0.05). Variations in
chemical, physical and morphological traits of bamboo organs were well represented by
the first two axes of the PCA analysis (97.1%) (Figure 3.3). The first axis accounted for
74.6% of the overall variation. Chemical traits such as C, N, ash, lignin, silica
concentrations, C/N and lignin/N ratios, and morphological and physical traits such as 3-
D and WHC contributed significantly to this variation. The second axis explained 12.5%

of the variation, with density and DMC contributing substantially to the second PCA axis.

3.3.3 Soil fauna effects on trait-decomposability relationships

Litter mass loss and carbon loss correlated well with chemical, structural and
morphological-related traits of bamboo organs (P < 0.05; Table 3.2). In particular, litter
mass loss was negatively correlated with C/N ratio, C, lignin concentration and lignin/N
ratios, and positively correlated with N concentration, ash content, silica, SA and 3-D.
Similar relationships were found for carbon loss and the initial litter traits. Nitrogen loss
tended to be positively correlated with C/N ratios and negatively correlated with N
concentration (P < 0.10). The presence of mesofauna altered the relationships between
nitrogen loss and initial traits (specifically initial N and C/N ratio), but not those of mass

loss or carbon loss and litter traits.

Regardless of soil mesofauna presence, litter trait scores of the first PCA axis were
correlated with litter mass loss (P < 0.05; Figure 3.4a) and carbon loss (P < 0.05; Figure
3.4b), but not nitrogen loss (P > 0.19; Figure 3.4c). For these relationships, the regression
lines of the treatment with mesofauna showed no differences in slopes (P = 0.98, Figure
4a; P = 0.93, Figure 3.4b) nor intercepts (P = 0.12, Figure 3.4a; P = 0.14, Figure 3.4b)
compared with the treatment without mesofauna. In contrast, there was no correlation
between organ litter scores of the second PCA axis and litter mass, carbon nor nitrogen

loss.
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Table 3.4 Initial litter traits (mean £ S.E.) of bamboo organs. Different letters represent significant
differences in a given litter trait within a row (P < 0.05). DMC: dry matter content; 3-D: three
dimensionality; SA: specific area; WHC: water holding capacity, N: nitrogen concentration, C:

carbon concentration; C/N: carbon to nitrogen ratio; Lignin/N: lignin to nitrogen ratio.

Litter trait Branch Culm Fine root Leaves Rhizome
CIN 33'02 @09 43594 (497)c 81.11(255)b  47.48(1.09) a 79.97 (4.84) b
N (%) 0.53(0.02)b 0.33(0.01)a 0.51(0.01) b 0.82 (0.02) c 0.56 (0.04) b
C (%) 43.74(0.16) c  43.88(0.18)c  41.38(0.19)b  38.96(0.24)a  43.73(0.31)c
Ash (%) 3.48(0.11)c  1.71(0.02)a  4.97(0.37)d 16.3 (0.26) e 2.54 (0.32) b
Lignin (%) 47 (0.31) ¢ 40.38 (0.68) b  37.27 (1.62) b 17.82(1.66)a  45.97(0.81)c
Lignin/N 89.25(3.63) ¢ 122.49 (5.66)d 73.04(3.65) b 21.75(2.19) a 84.51 (6.88) bc
Silica (mg g) 23.37(0.72)c 5.85(0.21)a 22.43(2.04) c 139.22 (2.9)d 12.01(0.44) b
WHC (%) 25.18 (0.96)a 23.21(0.90)a  96.09 (4.1)d 76.51 (3.49) ¢ 40.36 (6.83) b
SA (cm?g?) 9.53(1.0)a  1.87(0.06)a  32.06(1.76)a  442.49(31.98)b 7.48 (1.44)a
Density (g cm?3) 0.85(0.05)d  0.64 (0.00)bc  0.73(0.06) ¢ 0.34 (0.02) a 0.55 (0.01) b
DMC (g g?) 0.67(0.01)c  0.54(0.00)b  0.57(0.04)b 0.55 (0.01) b 0.48 (0.01) a
3-D (cm?cm?®)  22.32(0.85)a 3.79(0.05) a 119.59 (19.21) b  171.55 (6.2) ¢ 2.97(0.24) a

Table 3.5 Coefficients of ordinary least squares regression (r) between initial litter traits and mass,
carbon, and nitrogen loss (%) after 720 days of litter decomposition in the presence (1 mm) and
absence (42 um) of soil mesofauna. DMC: dry matter content; 3-D: three dimensionality; SA:
specific area; WHC: water holding capacity, N: nitrogen concentration, C: carbon concentration;
C/N: carbon to nitrogen ratio; Lignin/N: lignin to nitrogen ratio.

Initial litter traits

Mass loss (%)

Carbon loss (%)

Nitrogen loss (%)

1 mm 42 pm 1 mm 42pum 1 mm 42 um

CIN -0.91* -0.96**  -0.92* -0.96** 0.84+ 0.5

N (%) 0.92* 0.95**  0.95* 0.97** -0.80+ -0.54
C (%) -0.94* -0.86+ -0.93* -0.86+ 041 0.79
Ash (%) 0.91* 0.88* 0.93* 0.89* -0.47 -0.73
Lignin (%) -081+ -0.72 -0.82 -0.73 0.2 0.71
Lignin/N -0.98**  -0.98**  -0.99*** -0.98** (.62 0.66
Silica (%) 0.86 + 0.86 + 0.90* 0.87+ -0.47 -0.69
WHC (%) 0.79 0.66 0.73 0.63 -0.28 -0.65
SA (cm? g1) 0.84 + 0.82 + 0.88 + 084+ -0.37 -0.65
Density (g cm®)  -0.53 -0.49 -0.58 -0.51 -0.14 0.14
DMC (g g}) 0.03 0.14 0.02 0.1 -0.66 -0.49
3-D (cm?cm®)  0.93* 0.85+ 0.92* 0.83+ -0.46 -0.47
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Figure 3.3 Biplot of PCA analysis of 12 initial litter traits for five litter types (bamboo organs).
DMC: dry matter content; 3-D: three dimensionality; SA: specific area; WHC: water holding
capacity, N: nitrogen concentration, C: carbon concentration; C/N: carbon to nitrogen ratio;

Lignin/N: lignin to nitrogen ratio.
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Figure 3.4 Relationships between litter type scores from the first PCA axis and litter mass loss
(a), carbon loss (b), and nitrogen loss (c) after 720 days of litter decomposition. Regressions lines
represent standardized major axis (SMA) regressions when relationships are significant (P < 0.05).
Dashed lines indicate relationships in the absence of soil fauna while solid lines represent
relationships in the presence of soil fauna. When these relationships are significant, differences
in intercepts and slopes between these two lines are shown.
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3.3.4 Soil fauna assemblage in bamboo organs during litter decomposition

A total of 2137 individuals were collected from the 1 mm litterbags and 23 groups of soil
fauna were identified in this study. Five dominant fauna groups (Prostigmata
mycophagous, Prostigmata predator, Collembola, Mesostigmata and Oribatida)
contributed over 96% of total soil fauna abundance. There was a significant interactive
effect between litter type and decomposition time on soil mesofauna abundance and
richness (Figure 3.5; P <0.001). The multiple comparisons showed that total mesofauna
abundance and order richness were the highest in leaf litter, followed by rhizome and fine
root litter, and were the lowest in branch and culm litter. The Shannon index varied
significantly among litter types (P < 0.001) and decomposition time (P < 0.001), and
similar to mesofauna abundance and order richness, diversity was the highest in leaf litter

and the lowest in branch and culm litter (Figure 3.5).
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3.4 Discussion

3.4.1 Litter quality effects on organ decomposability and litter C and N dynamics

Regardless of soil mesofauna presence, organ litter mass and carbon loss were well
correlated with the variation in litter quality among organs. In this study, the PC1 scores
derived from chemical and structural traits showed that litter quality was the highest in
leaf litter and decreased for fine roots, rhizome, branch and culm litter. Specifically, litter
mass and carbon loss of bamboo organs were positively correlated with initial nitrogen
concentration, specific area, three dimensionality, and water holding capacity, and were
negatively correlated with initial C/N ratio and lignin content. Litter nutrient
concentration greatly affects decomposers’ metabolism and influence the
decomposability among organs (Cornwell et al., 2008; Manzoni et al. 2008). Furthermore,
the significant correlation between litter specific area and three dimensionality with litter
decomposition highlights the important role of morphological and structural traits in
controlling whole-plant litter decomposability (Hobbie, 1996; Silver and Miya, 2001). In
addition, litter microbial activity varied greatly among organs at all retrieval times. This
is likely due to their contrasting litter qualities and also to differences in litter water
holding capacity. Differences in the capacity of litter to retain moisture might be
important for favoring the leaching of soluble compounds during early stages of
decomposition, and for providing suitable conditions for microbial communities in later

stages, especially during dry conditions.

In contrast to mass and carbon loss, nitrogen loss was not predicted by the overall
variation of structural and chemical traits, instead it was negatively correlated with the
initial nitrogen concentration only in the presence of soil fauna. Litter decomposition is
generally limited by insufficient N and thus this element is a strong predictor of nitrogen
immobilization and release during decomposition (Parton et al., 2007; Manzoni et al.
2008). In this study, all organs except for leaf litter had periods of higher N
immobilization during decomposition. Given that culm, branch, rhizome and fine root
litter had lower N concentrations (and higher C/N ratios) than leaf litter, it is likely that
microbial decomposers translocated N from the soil environment to meet their nutrient
requirements and thus immobilized N in the litter (Parton et al. 2007). Our results coincide

with Lin et al., (2019), who found that N loss was not predicted by the interspecific
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variation in chemical and structural traits in leaf litter, but instead it was better explained
by their initial N.

There were significant differences in C loss and net N release among bamboo organs. By
the end of the decomposition period, leaf and fine root litter contributed to 60% of total
carbon released by all organs, while culm litter only contributed to 7%. This further
emphasized the role of culm litter in C storage in the long-term given the slow release of
C during decomposition, similar to other CWD from tree logs (Harmon et al., 2004). As
stated before, litter N dynamics were largely affected the initial litter N and C/N ratios.
Litter with lower C/N ratios (47) such as leaf litter tended to have low or negligible N
immobilization, while litter with higher C/N ratios (> 80) such as culm, rhizome, branch
and fine root litter showed periods of high N immobilization. Interestingly, N
immobilization occurred at different critical C/N ratios for each litter type. In culm litter,
N was immobilized at C/N > 160, in branch and fine root litter at C/N > 97, and in rhizome
litter at C/N > 109 (Figure S3.1). The critical C/N ratio for N immobilization might be
determined by the C use efficiency and C/N of microbial decomposers. Thus, N
immobilization at different critical C/N ratios indicates that different microbial
communities were involved in the decomposition of bamboo organs (Manzoni et al.,
2008). N immobilization was higher in rhizome and culm litter; however, their N net
releases were the highest among the organs given that they had periods of higher N loss
than the other litter types. Although the contribution of bamboo organs to N cycling might
be better estimated by integrating both their N net release and rates of litter input, these

results suggests that culm litter might be an important source of soil available N.

3.4.2 Soil fauna effects on trait-decomposability relationships

Although litter traits were well correlated with organ decomposability, this relationship
was not significantly altered by the presence of soil fauna. It was initially expected that
soil fauna effects on decomposition would be greater for high-quality organs (i.e., leaf
litter) compared to low-quality organs (i.e., branch and culm litter). Instead, the
contribution of soil fauna to litter decomposition and nutrient release did not interact with
litter quality, but it was dependent on litter type and decomposition time. During the
decomposition period, soil mesofauna did not affect the decomposability of root (medium
quality), culm and rhizome litter (low-quality), but they decreased the decomposition

rates and carbon loss of leaf (high-quality) and branch litter (low-quality) only at later
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stages. Previous studies have reported that differences in the contribution of soil fauna to
above- and below-ground organs (leaves vs. root) may be related to their litter quality
(i.e., nutrient content, palatability) (Fujii et al., 2018; Song et al. 2020). The results of this
study showed that intraspecific litter quality was not a primary factor in determining the
differences in the contribution of soil fauna to the decomposition of above- and below-
ground bamboo litter. The importance of the decomposition stage in the soil fauna effects
suggests that changes in litter quality during decomposition may have driven this late
response. As microbial community composition changes during the decomposition
process of plant litter (Liao et al., 2022), it is likely that such changes in litter quality
along with the microbial communities over time can directly and indirectly modulate the

decomposition process through changes in soil fauna communities.

Soil fauna is known to enhance and accelerate litter decomposition by promoting litter
fragmentation or indirectly by interacting with microbial communities (Chapin et al.,
2011; Garcia-Palacios et al., 2013). However, previous studies have also reported that the
direction (positive or negative) and the magnitude of soil mesofaunal effects on
decomposition can vary greatly depending on several factors (Kampichler and Bruckner,
2009). In this study, soil fauna had limited effects on the decomposition of culm, fine root
and rhizome litter, while their presence decreased on average litter mass and carbon loss
in leaf by 12% and 9%, respectively; and those in branch litter by 31% and 43%,
respectively. This is partly in accordance with Lin et al. (2019), who found that soil meso-
and macrofauna significantly decreased leaf litter mass loss in a Moso bamboo forest.
One possible explanation for the negative faunal effects on decomposition in bamboo
litter might be related to the dominance and abundance of mycophagous Prostigmata
during the decomposition process. Prostigmata mites, many of which are microbe-
consuming species can indirectly influence litter decomposition. Negative effects of soil
mesofauna are usually attributed to a higher selective grazing that might lead to reducing
microbial communities in the litter (Hattenschwiler and Gasser, 2005; Lussenhop, 1992).
Although there were no significant effects of soil fauna on the litter respiration rates of
leaf litter, there was a negative effect of soil fauna on the litter respiration of branch litter
at the last retrieval time, which could indicate that the negative effects of soil mesofauna
on litter mass and carbon losses might be related to the selective feeding on microbial

decomposers by soil fauna.
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3.5 Conclusion

This chapter evaluated the contribution of soil mesofauna to whole-plant litter
decomposition in Moso bamboo. The results showed that decomposability of bamboo
organs was highly correlated with their initial litter quality. In particular, chemical and
structural traits predicted well litter mass and carbon loss but not nitrogen loss. Soil fauna
did not alter the relationships between litter traits and decomposability, indicating that
intraspecific variation in litter traits does not modulate the contribution of soil fauna to
decomposition. Instead, the effects of soil mesofauna on litter mass and carbon loss
depended on decomposition time and litter type. The presence of soil fauna decreased the
mass and carbon loss in leaf and branch litter, with a larger negative impact on the latter.
In contrast, soil mesofauna had no effects on bamboo litter net N release. The variations
in the contribution of soil fauna to litter decomposition and C turnover among different
organs highlights that considering soil fauna effects in whole-plant litter decomposition
is essential to understand the role of soil decomposers in nutrient cycling in bamboo

stands.
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Chapter 4

Chemical and morphological controls on fine root litter
decomposition

4.1 Introduction

Fine roots represent 14-30% of net primary production in terrestrial ecosystems (Jackson
et al., 1997). The annual root litter input contributes largely to the carbon sequestered in
the soil, and consequently root litter decomposition is an essential process for below-

ground carbon and nutrient fluxes (Gill and Jackson, 2000; Silver and Miya, 2001).

Bamboo forests occupy large areas and are predominant in several ecosystems. In East
Asia, bamboo forest expansion can impact ecosystem functions and biogeochemical
cycles. Woody bamboos expand through underground rhizomes and have a very well-
developed root system (Isagi et al., 1997). In bamboo stands, roots represent a major
source of litter and can represent up to 30% of the total biomass (Shimono et al., 2022;
Kobayashi et al., 2023). Below-ground processes such as root litter decomposition are
crucial to predict soil carbon cycling. However, the mechanisms that control root litter

decay within the fine root system are still poorly understood in bamboo forests.

Fine roots vary greatly in function and form: thin and more distal roots (low order) are
involved in nutrient and water absorption, while thick and branched roots (high order) are
primarily involved in transport and storage (McComarck et al., 2015). The functional and
order-based approach determines important variations in root morphology and chemistry
that are associated with litter decomposition (Beidler and Pritchard, 2017; Hishi, 2007).
However, traits commonly associated with decomposability (greater concentrations of N,
decreased diameter and lignin concentration) do not seem to predict decomposition across
root orders. In fact, in several tree species, root litter decay tends to increase with
branching order (Beidler and Pritchard, 2017; Goebel et al., 2011). One prevailing
hypothesis suggests that low-order root recalcitrance might be related to their poor C
quality and N inhibition during decomposition (Fan and Guo, 2010). Yet the specific
components related to carbon quality and their relationship with root litter decay are not

well understood.
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Traditional litter quality indices such as C/N and lignin/N ratios can have limitations in
predicting root litter decomposition because they represent the total amount of carbon and
only a small fraction of recalcitrant compounds, respectively. In contrast, litter quality
assessed by 1*C NMR spectroscopy can define different classes of organic C compounds,
which can range from simple sugars and labile carbohydrates to more complex
recalcitrant organic forms such as aliphatic and aromatic compounds (Kogel-Knabner,
2017). Moreover, previous studies showed that relative abundances of organic C
compounds assessed by *C-NMR analyses are good predictors of litter decomposition
(Bonanomi et al., 2013; Mathers et al., 2007; Ono et al., 2013).

The purpose of this chapter is to clarify the controlling factors affecting root litter
decomposition within the root branching system in bamboo species. To better understand
the effects of root morphology and chemistry in root litter decomposition, three common
woody bamboo species in Japan were selected [Hachiku (Phyllostachys nigra var.
henonis), Madake (Phyllostachys bambusoides) and Moso bamboo (Phyllostachys
edulis)]. The specific objectives are: 1) clarify the morphological and chemical controls
on root decomposition within root orders and species, 2) test whether organic C
components (C functional groups and indexes using C-NMR) are good indicators of litter
quality and correlate well with decomposition across different functional root orders. It
was hypothesized that higher order roots will decompose faster than lower order roots
and that this will be correlated to the higher concentration of O-alkyl C in higher order
roots and higher content of aryl-C in lower order roots. In addition, differences in
decomposition observed within the same root order could respond to potential chemical

and morphological differences across bamboo species.
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4.2 Materials and methods

4.2.1 Study sites and root collection

The study was conducted at the Hachiku, Madake and Moso bamboo stands located in
Kasuya Research Forest of Kyushu University (Fukuoka, Japan). The average
temperature and mean annual precipitation in these sites are 15.6 °C and 1650 mm,
respectively. The Madake and Moso bamboo stands corresponded to completely bamboo
dominated stands but with presence of some trees and understory vegetation. In the case
of the Hachiku stand, the area selected was characterized by a mixed presence of trees
and bamboo culms, and thus the culm density was lower compared to the other bamboo

stands.

Several intact soil blocks (20 x 20 x 20 cm) were collected from each bamboo site in June
2021 and transported to the lab within 2 h of collection and frozen (-20°C) until later
processing. Intact root branches were carefully washed and separated from the soil and
classified into order classes following the method of Pregitzer et al. (2002). Given than
the first two orders were very small and difficult to separate individually they were
considered altogether as the 1 + 2 order. Thus, fine roots were separated into three
functional classes: R1+2 (1% + 2"%), R3 (3", and R4 (4™ order roots).

4.2.2 Root litterbag preparations and incubation

Oven-dried roots (0.500 — 0.900 g) were placed inside nylon litterbags (0.5 mm mesh).
Root litter segments of each order were placed intactly in the litterbags, and thus the size
of litterbags varied with the length of each order root class. Five replication plots were
established at each site. All 180 litterbags (3 species x 3 root orders x 4 collection times
x 5 replications) were vertically buried in the soil at a depth of 8 cm in August 2021. The
litterbags were sequentially collected after 90 (November 2021), 210 (March 2022), 390
(September 2022) and 540 (February 2023) days.

4.2.3 Initial morphological and chemical traits

Morphological trait measurements were performed from an initial subset of root litter
samples. Roots were scanned with an Epson GT-X980 scanner, then dried and weighed
to a constant dry weight. Scanned images were analyzed using the RizhoVision Explorer

software v.2.0.3 (Seethepalli et al., 2021) to generate measurements of average diameter
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(mm), specific root length (SRL, m g1), root tissue density (RTD, g cm™) and specific
root area (SRA, cm? g) for three replicates per root order and species.

Chemical analyses were performed from a separate set of initial root samples after these
subsamples were oven dried and ground by mortar and pestle. Total C and N of initial
root samples were measured using a CN Analyzer (Yanaco MT-700; Kyoto, Japan).
Lignin content was determined by the gravimetric method of the thioglycolic acid (TGA)
as described by Shimada et al. (2019). The recovery of lignin obtained by this method
was confirmed by using standard lignin [lignin (alkaline) Nacalai Tesque, Kyoto, Japan].
Litter ash concentration was determined by ignition combustion in a muffle furnace at
600°C after 6 hours. All chemical concentrations were expressed in an ash-free dry mass

basis.

4.2 4 Litter 13C-NMR characterization

Fine powdered subsamples from initial root litter (not decomposed) were used for litter
13C-NMR characterization in solid state. A composite root litter sample of 150-200 mg
was obtained by mixing the subsamples of all replications (for each root order and
species). A spectrometer (ECA-400, JEOL, Tokyo) was used, set up with a magic angle
spinning of 16kHz, a recycle time of 1 s, contact time of 1 ms, acquisition time of 33.9
ms, and 30 000 — 45 000 scans. A broadening factor of 20 Hz was used in the Fourier

transformation procedure.

Spectral regions and C types were selected based on previous NMR studies of leaf, root
and wood litter (Bonanomi et al. 2013, Mathers et al. 2017). Thus, the following seven
regions and C types were considered: 0-45 ppm (alkyl C), 45-60 ppm (methoxyl C), 60-
90 ppm (O-alkyl C), 90-110 ppm (di-O-alkyl C), 110-140 ppm (H-C- substituted aromatic
C), 140-160 ppm (O-substituted aromatic C) and 160-190 ppm (carboxyl C) (Table 4.1).
The relative abundance of each region was determined based on the integration of peak
areas in the NMR spectral regions. The calculated relative abundances were used to
calculate the ratios of different decomposition indices based on previous literature
(Bonanomi et al., 2013; Mathers et al., 2007): alkyl C (0-45 ppm)/O-alkyl C (60-90 ppm),
O-alkyl C (60-90 ppm)/methoxyl C (45-60 ppm), aryl C (110-160 ppm)/O-alkyl C (60-
90 ppm) and aryl C (110-160 ppm)/alkyl C (0-45 ppm).
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Table 4.1 3C-NMR spectral assignment of C functional groups.

Chemical shift (ppm) Assighment Compounds included

0-45 Alkyl C Terminal methyl (CHs), long-chain
aliphatics, fatty acids, waxes, cutins,
suberins, lipids, hemicelluloses, acetate
CHs, polymethylene

45-60 Methoxyl C -OCHjs, N-alkyl, amino acids

60-90 O-alkyl C Carbohydrates, cellulose,
hemicelluloses, polysaccharides,
alcohols, amino sugars

90-110 di-O-alkyl C Anomeric C1 of celluloses, tannin and
lignin components
110-140 H-C- Polyphenols, lignin and tannin
substituted components, C- and H-substituted
aromatic C aromatic C, olefinic C
140-160 O-substituted Phenols, lignin and tannin components,
aromatic C suberin O- and N- substituted aromatic
C, olefinic C
160-190 Carboxyl C Carboxylic acid (-COOH), amide and

ester C, organic acids

4.2.5 Data analysis

Root litter morphological and chemical traits were evaluated by generalized linear models
(GLM) to evaluate the effects of species, root orders and their interaction. Dynamics of
litter mass remaining was evaluated by GLM, considering the effects of species, root
order and decomposition time, as well as their interaction. For all GLM models,

significant differences between groups were tested using Tukey’s HSD post hoc test.

Litter decomposition rates (k) were calculated using a negative exponential model: M; =
Moe™, where Mo is the initial litter mass, M, is the mass remaining after time t, and k is
decay rate constant (Olson 1963). Univariate relationships were used to evaluate the
relationships between litter decay rates (k) and litter morphological and chemical
parameters (C and N concentrations, C/N and lignin/N ratios and data from C-NMR
spectra). A principal component analysis (PCA) was performed for litter morphological,
chemical and **C-NMR spectra regions independently. Then, multiple linear regression
analyses were performed including the principal components derived by the PCA as
independent linear combinations of the litter traits. All statistical analyses were performed

with R version 4.0.2.
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4.3 Results

4.3.1 Initial root litter morphological and chemical traits

Most morphological and chemical root traits depended on the interaction between root
order and species. In general, with increasing order, root diameter and root tissue density
increased (Figure 4.1a, d), while SRL and SRA decreased (Figure 4.1b, ¢). Among species,
root diameter of R4 was lower in Moso bamboo roots, while SRL of R1+2 was
significantly higher in Madake roots. Root tissue density of Hachiku roots was

significantly higher across all root order classes.

Carbon content did not differ among root orders, but rather differed across species (Figure
4.2a). Nitrogen content decreased with increasing root order (Figure 4.2b), while C/N and
lignin/N ratios increased with increasing root order (Figure 4.2c, d). Differences in N
content, lignin/N and C/N ratios across species were observed in R3 and R4. For these
particular root orders, the differences in chemical traits indicate that Madake root are

more chemically labile, while Moso bamboo roots are more chemically recalcitrant.
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Figure 4.1 Morphological characteristics of Hachiku, Madake and Moso bamboo fine root
systems (average + SE, N = 3). Asterisk (*) indicates significant differences across species for
each root order when interaction Root Order (RO) x Species (Sp) is significant (P < 0.05). Letters
indicate differences across species when Species effect is significant (P < 0.05).
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Figure 4.2 Chemical characteristics of Hachiku, Madake and Moso bamboo fine root systems
(average = SE, N = 3). Asterisk (*) indicates significant differences across species for each root
order when interaction Root Order (RO) x Species (Sp) is significant (P < 0.05). Letters indicate
differences across species when Species effect is significant (P < 0.05).

4.3.2 Litter 13C-NMR characterization

Peak positions of the solid-state 3C-NMR spectra for the initial root litter were similar
among species (Fig. 4.3). These major peaks were observed at 22, 30, 56, 65, 73, 84, 105,
116, 130, 148, 153, 159 and 172 ppm. Differences in major peaks among roots orders
were observed in the Alkyl C region (0-45 ppm) and the O-alkyl C region (60-90 ppm).
The peak at 73 ppm in R4 were higher than those of R1+2 and R3, while peaks at 30/31
ppm were higher in R1+2 and R3 (Fig. 4.3). In addition, in Moso bamboo roots, the peaks
at 83 and 105 ppm in the R4 were higher than those of R1+2 and R3 (Fig. 4.3c).

In general, O-alkyl C was the predominant component of root litter, accounting for 43.8-
48.5% of the NMR spectra, followed by H-C- substituted aromatic C (11.7-14.2%), di-
O-alkyl C (12.0-12.9%), alkyl C (8.0-9.2%), O-substituted aromatic C (6.1-7.3%),
carboxyl C (5.9-7.2%) and methoxyl C (5.7-6.7%) (Table 4.2).
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Figure 4.3 3C-NMR spectra of three root order classes (R1+2, R3 and R4) from initial samples of:
A) Hachiku, B) Madake and C) Moso bamboo roots.
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Table 4.2 Relative abundance (%) of main classes of organic C assessed by *C-NMR spectroscopy and NMR indices of initial root litter.

Relative abundance (%) NMR Index
Alkylc Methoxyl o e 9FO- He- 0 Caboyl o vicio- O-alkyl Aryl CIO- Ayl
¢ alkyl C - aromatic C  aromatic C  C alkylC  ClmethoxylC  alkylC  C/Alkyl
Root (0-45 (4560  (60-90  (90-110  (110-140  (140-160  (160-190 Y . y Y <y
. ratio ratio ratio C ratio
Species _order _ppm)  ppm) ppm) ppm) ppm) ppm) ppm)
Hachiku RI1+2? 8.85 5.94 44.47 12.37 13.78 7.34 7.24 0.199 7.49 0.372 2.39
R3 88l 6.51 46.46 12.26 12.93 6.61 6.42 0.190 7.13 0.333 222
R4 853 5.75 47.32 12.70 12.30 6.65 6.75 0.180 8.22 0.316 2.22
Madake R1+2 8.07 6.05 47.65 12.56 13.23 6.50 5.94 0.169 7.87 0.328 2.44
R3 849 6.19 47.25 12.39 12.96 6.54 6.19 0.180 7.63 0.327 2.30
R4 854 5.77 48.56 12.92 11.76 6.11 6.34 0.176 8.42 0.291 2.09
Moso  R1+2 858 6.69 46.38 12.04 13.60 6.69 6.02 0.185 6.93 0.347 2.36
R3 9.9 6.31 43.81 12.16 14.22 7.22 7.00 0.212 6.95 0.383 231
R4 864 6.40 45.68 12.27 13.55 6.94 6.51 0.189 7.13 0.354 2.37

Alkyl C/O-alkyl C: [0-45 ppm]/[60-90 ppm], O-alkyl C/Methoxyl C: [60-90 ppm]/[45-60 ppm], Aryl C/O-alkyl C: [110-160 ppm]/[60-110 ppm], Aryl C/Alkyl C: [110-160 ppm]/[0-45 ppm]



4.3.3 Litter decomposition dynamics

Root litter mass loss varied among root orders (P < 0.01) and species (P < 0.001) (Table
4.3). Root litter mass loss was rapid for R4 and slower for R3 and R1+2 order roots.
Differences in decomposition among root orders were large especially at initial stages.
During the first 90 days, mass loss was 13 + 1.4% in order R1+2, 13 + 1.2% in R3, and
20 + 1.2% in R4. After 540 days, mass loss was 63 + 1.8% in order R1+2, 60 + 1.9% for
R3, and 61 + 1.6% for R4. Root order explained a larger proportion of the variation in

root litter mass loss in Hachiku and Madake compared to Moso bamboo (Table 4.3).

On average, litter mass loss was greater for Madake roots, followed by Hachiku roots,
and lower for Moso bamboo roots. Species effects were significant across all root orders;
however, greater differences in decomposition rates among species were observed in the
R4 (Figure 4.4). Hachiku, Madake and Moso bamboo root litter decay rates (yr?) were
0.29, 0.34 and 0.22 respectively for R1+2; 0.30, 0.43, and 0.24, respectively for R3; and
0.40, 0.48, and 0.23, respectively for R4.

Table 4.3 Results of GLM evaluating the effects of species, root orders, time and their interactions
on root litter mass remaining after 540 days of decomposition.

Variables df. F-value P-value
All litter
Species (Sp) 2 36.3 <0.0001
Root order (RO) 2 8.3 <0.001
Time (T) 3 85.0 <0.0001
Sp x RO 4 1.2 0.31
SpxT 6 2.4 0.03
ROxT 6 1.4 0.20
SpxROXT 12 0.4 0.94
Hachiku
Root order (RO) 2 7.9 <0.001
Time (T) 3 30.6 <0.0001
ROxT 6 0.5 0.77
Madake
Root order (RO) 2 5.3 <0.01
Time (T) 3 34.2 <0.0001
ROxT 6 0.4 0.85
Moso
Root order (RO) 2 4.1 0.02
Time (T) 3 46.4 <0.0001

ROxT 6 0.5 0.76
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Figure 4.4 Dynamics of litter mass remaining in different root order classes (R1+2, R3 and R4)

of Hachiku, Madake and Moso bamboo roots during 540 days of decomposition. (average * SE,
N =5).

4.3.4 Relationships between root litter decay rate and litter quality

The principal component analysis provided a good characterization of root litter
morphological and chemical traits across species and root orders, with the first three
components accounting for 94% (70.4%, 16.9%, and 7.0%, respectively) of the total
variance (Fig. 4.5a). The multiple regression analysis based on the scores from the first
three components of both the litter chemical and the morphological and chemical traits
provided good predictive models (Table 4.5). In particular, PC2 scores from both models

were good predictors of litter decay rates, which suggests that k was negatively affected
by increased C concentration in root litter.
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Univariate relationships between individual litter morphological traits showed no
significant correlations with root litter decay rates (P > 0.05). Among chemical traits, root
litter decay was negatively correlated with initial C (r =-0.82, P < 0.01), while there was
no correlation with initial N and lignin content (P > 0.05). The initial C/N and lignin/N

ratios of root litter showed no correlation with litter decay rates (Figure 4.6).
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Figure 4.5 Principal component analysis of root litter morphological and traditional chemical
traits (A), and 3C-NMR spectral regions (B). Litter decomposition rates (k) is also plotted as a
supplementary variable.
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Table 4.4 Results of multiple regressions between root litter decomposition rates (k) and linear
combinations of litter morphological, chemical and *C-NMR spectral regions. Independent
predictive variables in the models correspond to the first three principal components (PC) in the
ordination of chemical and morphological traits (multiple R?> = 0.86 , F = 12.30, P = 0.03),
morphological traits (multiple R? = 0.44, F = 1.30, P = 0.37), chemical traits (multiple R? = 0.80,
F =10.46, P = 0.04), and **C-NMR spectra regions (multiple R* = 0.84, F = 8.92, P = 0.01).

Independent variables B SE t P
Morphological and chemical traits model
Intercept 0.33 0.03 23.89 <0.001
PC1 -0.01 0.01 -1.79 0.13
PC 2 -0.07 0.01 -5.80 <0.01
PC3 -0.00 0.04 -0.25 0.81
Morphological traits model
Intercept 0.33 0.03 11.00 <0.001
PC1 -0.02 0.02 -1.18 0.29
PC 2 0.11 0.07 1.56 0.18
PC3 -0.02 0.09 -0.24 0.82
Chemical traits model
Intercept 0.33 0.01 25.67 <0.001
PC1 -0.01 0.01 -0.69 0.52
PC2 -0.08 0.01 -6.36 <0.01
PC3 -0.03 0.02 -1.56 0.17
13C-NMR model
Intercept 0.33 0.02 20.80 <0.001
PC1 0.04 0.01 4.62 <0.01
PC 2 -0.03 0.01 -2.22 0.078
PC3 0.02 0.02 0.71 0.511
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Figure 4.6 Relationships between litter decay rates (k [yr*]) and C/N (A) and lignin/N (B) ratios
of three root order classes and species.

The principal component analysis showed a good ordination of the 3C-NMR spectral
regions of root litter across species and root orders (Fig. 4.5b). The first three components
accounted for 99% (65%, 27%, and 7%, respectively) of the total variance. The multiple
regression model based on the scores of these components provided a highly significant
linear model, with a high predictive power of root litter decomposition rates from PC1
scores (Table 4.5), which indicates that k was positively affected by a higher relative
abundance of di-O-alkyl C and O-alkyl C, and negatively influenced by a higher relative

abundance of alkyl C, O aromatic C and H- and C- aromatic C.

Litter decay was not significantly related to two *3C-NMR regions (alkyl C and carboxyl
C). A significant positive correlation was found between root litter decomposition rates
and O-alkyl C (r =0.76, P < 0.05) and di-O-alkyl C regions (r = 0.87, P < 0.01), whereas
a negative correlation was found with methoxyl C (r =-0.74, P < 0.05), H-C-substituted
aromatic C (r = -0.86, P < 0.01 ) and O-substituted aromatic C (r = -0.71, P < 0.05).
Regarding the decomposition indices based on the C-NMR spectra, root litter decay rate
was positively correlated with the O-alkyl C/methoxyl C ratio (r = 0.89, P < 0.01) and
negatively correlated with the aryl C/O-alkyl C ratio (r =-0.77, P < 0.05) (Figure 4.7)
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Figure 4.7 Relationships between litter decay rate (k [yr?]) and indices from *3C-NMR spectra:
O-alkyl C (60-90 ppm)/methoxyl C (45-60 ppm) (A) and Aryl C (110-160)/ O-alkyl C (60-110
ppm) (B) ratios of three root order classes and species.

4.4 Discussion

4.4.1 Morphological and chemical heterogeneity of bamboo fine roots

Significant variations were observed in both morphological and chemical traits among
different root orders, although some of these differences depended on bamboo species.
Generally, root diameter, tissue density, lignin content and C/N ratio increased with root
order, while SRL, and N content decreased with root order, which is consistent with
previous studies on morphological and chemical traits across branching orders in tree
roots (Guo et al., 2004; Pregitzer et al., 2002; McComarck et al., 2015). These results
further indicate that the fine root system in Hachiku, Madake and Moso bamboo can be
classified into thin nutrient-rich absorptive roots and thick nutrient-poor transportive roots.
Similar to other woody plant species, relying on a single diameter value for fine root
classification in woody bamboos would oversimplify and overlook functional traits that
account for substantial variability in root morphology or tissue chemistry within the fine
root system. Therefore, taking into account the fine root heterogeneity might provide
valuable insights into fine root C allocation and below-ground processes in bamboo

stands.

4.4.2 Root litter characterization by *C-NMR spectra

Root litter characterization by *C-NMR spectra showed differences in peak values
primarily in two C regions among root orders. In the O-alkyl C region (60-90 ppm),

associated with sugars and polysaccharides, higher peaks at 73 ppm were observed in

67



higher order roots (R4) across all species. The higher relative abundance of carbohydrates
in higher order roots is likely related to their storage function. Consistent with previous
studies, higher order roots of tree species have been characterized by increased
concentrations of non-structural carbohydrates (NSC) and cellulose (Fan and Guo, 2010;
Sun et al., 2018; Guo et al., 2004).

In the alkyl C region (0-45 ppm), characteristic of lipids, waxes and long chain aliphatic
structures, the peaks at 30 ppm were higher for the lower root orders (both R1+2 and R3).
The relative intensity of methylene carbon in this region indicates the presence of suberin
(Angst et al., 2016), which forms lipid barriers in the distal and thinner roots to protect
against biotic and abiotic stress (Chen et al., 2022). The higher presence of this compound
in lower orders roots coincides with previous studies reporting high concentrations of acid
unhydrolyzable fraction (AUF) in the first and second order roots, which includes
aliphatic components and defensive compounds (Fan and Guo, 2010; Xiong et al., 2013).

The descriptive analysis using *3C-NMR provided valuable insights into the biochemical
differences among root orders. Interestingly, this study found no significant differences
in total C concentration across root orders, emphasizing the limitations of only
considering the total amount of organic carbon, which fails to take into important
biochemical characteristics of fine roots (Bonanomi et al., 2013). Litter characterization
by 3C-NMR spectra allowed a more comprehensive (semi-quantitative) description of
carbon quality among root orders and further highlights differences in specific organic

compounds within the fine root branching system.

4.4.3 Controls of root litter decomposition across orders and species

The results showed that lower order roots decompose at a slower rate compared to higher
order roots in woody bamboo species. This observation is consistent with previous studies
in several temperate and subtropical tree species (Fan and Guo, 2010; Goebel et al., 2011,
Xiong et al., 2013; Sun et al., 2016; Sun et al., 2018; Wang et al., 2019). The patterns of
decomposition among root orders in this study are strongly in line with the C quality
hypothesis, which suggests that lower order roots decompose more slowly due to their
poor C quality (Beidler and Pritchard, 2017). In this study, root litter decay rate was
positively correlated with the O-alkyl and di-O-alkyl C regions. For instance, higher order

roots of Madake and Hachiku bamboo were characterized by a higher relative abundance
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of O-alkyl C compounds, represented by cellulose, hemicellulose and polysaccharides,
which are easily degradable and lost rapidly during early stages of decomposition. In
contrast, root litter decomposition rates were negatively correlated with the aryl C regions,
and the methoxyl C region. The higher relative abundance of aromatic and methoxyl
compounds in lower order roots suggests that the recalcitrance of the finest roots in woody
bamboos is related to their higher content of lignin and tannins. Previous studies found
that root litter decay rates in the branching root system were positively correlated with
NSC (Fan and Guo, 2010) and negatively correlated with initial concentrations of AUF
and condensed tannins (Sun et al., 2013).

In this study, Moso bamboo roots decomposed slower than Hachiku and Madake roots,
which is consistent with the common paradigm of nitrogen-poor litter and the limitation
of microbial growth and metabolism during decomposition (Berg and McClaugherty,
2008). Differences in decomposition rates across species were in accordance with litter
chemical recalcitrance as shown by their C/N and lignin/N ratios. However, the
correlations between decomposition rates and root N concentrations across species
contrasted with the no significant relationships between decomposition rates and N
content among root orders. This further reinforces the limits of traditional decomposition
indices from proximate analysis in describing litter quality and predicting fine root

decomposition (Beidler and Pritchard, 2017; Bonanomi et al., 2013).

Regarding the morphological control over litter decomposition rates, it would be expected
that the large surface area (higher SRA), length (SRL) and small diameter of lower order
roots would be associated with rapid decomposition rates (Goebel et al., 2011). Although
significant differences in key morphological traits were found across species and orders,
they were limited in predicting root litter decay rates in this study. In contrast, the
chemical traits were the predominant controls of decomposition and specifically the
statistical model from principal components of the spectral regions showed highly
significant predictions of litter decay rates. In particular, the O-alkyl C/methoxyl C and
aryl C/ O-alkyl C indices derived from the C-NMR spectra explained 60 to 80% of the
variance in root litter decay rates. These indices represent the ratio between labile
(carbohydrates)/recalcitrant (lignin) compounds and recalcitrant (lignin, tannins,

phenols)/labile (carbohydrates) compounds, respectively. Therefore, litter organic C
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characterization has the potential to provide a more predictive descriptions of litter
decomposition rates across species and root branching orders.

4.5 Conclusion

Using a functional order approach, the results of this chapter showed that lower order
roots of woody bamboo species had slower decomposition rates compared to higher order
roots. The branching orders in these species integrated well significant differences in
morphological and traditional chemical traits; however, these traits did not fully explain
the variability in decomposition rates within the branching root system. Root litter
characterization by *C-NMR spectra had the highest predictive power over root litter
decomposition across species and root orders. Specifically, the low decomposability of
lower order roots was associated with their higher relative abundance in the aromatic C
regions and their lower relative abundance in the O-alkyl and di-O-alkyl C regions. This
study further highlights the importance of considering the fine root heterogeneity in
woody bamboos and the variations in carbon quality among branching orders for accurate
predictions of below-ground processes. Given that lower order roots are short-lived and
constitute a significant proportion of the fine root biomass, their slower decomposition

rates might have substantial implications for soil carbon cycling in bamboo stands.
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Chapter 5

Dead bamboo culms and soil fauna effects on leaf litter
decomposition

5.1 Introduction

Coarse woody debris (CWD) is an important element in forest ecosystems and directly
contributes to biogeochemical processes as a long-term carbon reservoir (Harmon et al.,
2004; Magnusson et al., 2016). CWD may indirectly impact ecosystem processes by
modifying the surrounding soil environment and, by extension, releasing additional
carbon and nutrients in the soil (Gonzalez-Polo et al., 2013; Kappes et al., 2007;
Magnusson et al., 2016). CWD can influence soil microclimatic conditions such as
temperature and moisture (Boggs et al., 2020; Perreault et al., 2021). In addition, soluble
compounds leached from CWD into the soil may alter soil chemistry and benefit
microbial decomposers (Persoh and Borken, 2017; Spears et al., 2003). Previous studies
reported that soils near CWD have relatively higher microbial biomass and enzymatic
activity (Gonzalez-Polo et al., 2013; Minnich et al., 2021). The modifications in soil biota
and physicochemistry mediated by CWD can accelerate carbon mineralization in the soil
and the litter layer (PerSoh and Borken, 2017). In temperate forests, previous studies
showed that CWD promotes a rapid leaf litter decomposition near their surroundings,
suggesting that the removal of CWD components would have significant impacts on
biogeochemical cycles through their indirect effects on litter decomposition (Gonzalez-
Polo et al., 2013; Remsburg and Turner, 2006).

Soil fauna play important roles in litter decomposition mainly by interacting with soil
microbial communities and contributing to litter fragmentation (Petersen and Luxton,
1982; Seastedt, 1984). Soil invertebrates in the litter layer may respond to the changes in
habitat structure and moisture conditions caused by CWD (Hanula et al., 2006; Johnston
and Crossley, 1993). For instance, some microathropod groups, such as Oribatida,
Collembola, and Coleoptera, are relatively more abundant in the litter layer near
decomposing logs (Evans et al., 2003; Ulyshen et al., 2011; Ulyshen and Hanula, 2009).
Previous studies have reported high densities of predators and detritivores near CWD,

likely related to the resource availability and litter accumulation around logs (Castro and
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Wise, 2010; Jabin et al., 2004; Kappes et al., 2007; Ulyshen et al., 2011). CWD can
influence the spatial distribution of microarthropods in the litter layer (Castro and Wise,
2010; Evans et al., 2003), and particularly may alter decomposition by modulating faunal
decomposer communities (Kappes et al., 2007). Thus, in the presence of CWD, soil fauna
might make a comparatively greater contribution to litter decomposition and nutrient
mineralization than on areas of the forest floor where CWD is absent.

In many temperate and (sub)tropical ecosystems, woody bamboos form monospecific
dense stands and can substantially affect ecosystem processes. Moso bamboo
(Phyllostachys edulis) is a rapid-growing and tree-like stature bamboo commonly planted
for the production of timber and edible shoots in East Asian countries (Canavan et al.,
2017; Song et al., 2011). In certain regions, previously managed stands have been
abandoned, and as a consequence, the coverage area of unmanaged bamboo stands has
rapidly increased in recent years (Isagi and Torii, 1997; Suzuki, 2015). Managed stands
are regularly thinned to maintain low densities and in addition, standing old culms (stems)
and fallen dead culms on the forest floor are frequently removed (Song et al., 2011). By
contrast, in unmanaged stands, culm senescence and self-thinning likely occur due to
higher stand densities (> 8,000 ind. ha*) (Liu et al., 2016; Yin et al., 2019), resulting in
large amounts of dead culms accumulated on the floor (Shimono et al., 2021). Isagi et al.
(1997) reported that Moso bamboo stands can accumulate dead culms at a rate of ~7 t ha”
Lyrt. Owing to their recalcitrant nature, dead bamboo culms decompose slowly and are
important carbon and nutrient reservoirs (Liu et al., 2015; Shimono et al., 2021; Ugawa
et al., 2011). However, it is not known to what extent dead bamboo culms on the forest
floor could indirectly influence leaf litter decomposition and nutrient dynamics by
altering soil conditions and decomposer communities in the litter layer. Given the long-
term persistence of fallen culms on the forest floor, it is essential to understand the
contribution of dead culms to carbon and nutrient cycling, particularly as abandoned

Moso bamboo stands continue to expand.

The aim of this chapter is to assess the interactive contributions of dead culms and soil
fauna on leaf litter decomposition in an unmanaged Moso bamboo stand. The presence
of dead culms and soil mesofauna were controlled in order to evaluate their impact on
leaf litter mass, carbon and nitrogen loss, and microbial activity (litter respiration rates).

In addition, the influences of dead culms on soil environmental conditions and soil
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mesofauna assemblage in the decomposing litter were also explored. Soil fauna
communities in leaf litter may be altered by the presence of coarse woody debris (CWD)
on the forest floor. Thus, it was hypothesized that dead culms and soil fauna will
synergistically affect leaf litter decomposition (Figure 5.1). Specifically, it was expected
that litter mass, carbon and nitrogen loss, and litter respiration rates would be relatively
higher under the dead culms, primarily owing to the favorable soil microclimate
conditions and enhanced soil fauna abundance and diversity in the litter decomposing

beneath the culms.

Litter mass loss
or nutrient mineralization (%)

Time (days)

Figure 5.1 A conceptual framework of leaf litter mass loss and nutrient release beneath dead
bamboo culms (black lines) and on the forest floor (gray lines) under two soil fauna treatments:
with mesofauna (solid lines) and without mesofauna (dashed lines).
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5.2 Materials and methods

5.2.1 Study site

A litter decomposition experiment was set up in an unmanaged Moso bamboo
(Phyllostachys edulis) stand in Kasuya Research Forest, Kyushu University, Kyushu
Island, Japan. In this location, the mean annual precipitation is 1650 mm, 50 % of which
falls during the rainy season from July to September. The mean annual temperature is
15.6 °C, with minimum and maximum temperatures in January (3 °C) and August (32 °C),
respectively (Japan Meteorological Agency, 2019). The bamboo stand is located near an
invaded broadleaf forest. Nevertheless, we established the decomposition experimental
plots in a bamboo-dominated area, where the average stand density and DBH (diameter

at breast height) were 7500 culms ha* and 10.83 cm, respectively.

5.2.2 Experimental design

Standing dead culms of Moso bamboo (Phyllostachys edulis) were collected to measure
their effects on leaf litter decomposition. The culms had an average diameter of 8.6 cm
(x 1.46 S.D.) and were cut into segments 60-80 cm in length. The effects of soil
mesofauna were evaluated using 1-mm and 42-um mesh size litterbags. The former
allowed soil mesofauna to enter while the latter restricted their entrance. The mesh sizes
were selected based on the fact that mesofauna body sizes are in the range of 100 um to
2 mm (Swift et al., 1979). Moso bamboo leaf litter was collected from litter traps and the
forest floor after litterfall in April and May. About 3 g dry weight (DW) leaf litter was
placed inside each 10 cm x 10 cm litterbag. Five replicate plots (2 m x 2 m) were
established in the bamboo stand. At each plot, three or four dead culm segments were
placed close to each other occupying approximately 2400 cm? (30 cm x 80 cm) on the
forest floor. These areas represented the ‘dead culm’ treatment, whereas areas of the forest
floor 1 m distant from the dead culms represented the ‘control’ treatment. Then, litterbags
with and without soil mesofauna were placed beneath the dead culms and on the forest
floor (control), respectively. In total, 120 leaf litterbags (two treatments x two mesh sizes
x six collection times x five replicates) were prepared. The decomposition experiment
was set up in June 2019 and the litterbags were collected after 90 d (September 2019),
180 d (December 2019), 270 d (March 2020), 360 d (June 2020), 540 d (December 2020),
and 720 d (June 2021).
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5.2.3 Soil microenvironmental conditions

Soil surface temperature and moisture content were measured from June 2019 to July
2020 to identify any differences in soil microenvironmental conditions between the dead
culms and the forest floor. At each plot, soil moisture was measured using a 5-cm depth
probe (ML3 Theta Probe; Delta-T Devices, Burwell, UK) placed under the dead culms
and on the forest floor (control). Every hour, soil surface temperature was measured in a
representative plot with a temperature logger (TR-71wb; T&D Co. Ltd., Matsumoto,
Japan). Sensors were buried to 3—4 cm depth under the dead culms and the control area.
As a consequence of battery malfunction, no data could be collected between March 3,
2020 and June 1, 2020.

5.2.4 Litter respiration measurements

After each collection, the litterbags were cleaned of soil particles, and brought to the
laboratory where the litter respiration rates were measured in a closed dynamic chamber
fitted with an infrared gas analyzer (IRGA; GMP343; Vaisala Group, Vantaa, Finland).
CO. efflux was measured inside a room at constant air temperature (25 °C) within the
first 6 h after collection. The sample temperatures were measured with an infrared
thermometer. Each leaf litter sample was enclosed in the chamber for ~3 min. The litter
respiration rates were calculated from the slope of the linear increase in CO2 concentration
inside the chamber and expressed as nmol CO> per unit litter dry mass (g) per unit time
(s) (Katayama et al., 2021).

5.2.5 Soil fauna community in the leaf litter

Immediately after the litter respiration measurements, leaf litter from the 1-mm mesh
litterbags was placed in a Tullgren extractor for 5-7 d to collect any soil mesofauna. The
fine-mesh litterbags were not used for soil faunal extraction because a previous litter
decomposition study showed no evidence of mesofauna presence in small mesh size
litterbags (Homet et al., 2021). Invertebrates were identified to order level, except for
Acari, which were classified to the suborder level (Krantz and Walter, 2009). The
mesofauna orders and suborders were categorized into the following functional groups:
detritivores, predators, omnivorous, fungivorous, and saprophagous (Adl, 2003). The
relative densities of the individuals and the soil fauna orders were expressed as the

number of individuals and orders per gram-dried litter, respectively. The Shannon-Wiener
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diversity index was calculated as: H' = — Yi_,p; Inp;, where pi = (number of

individuals per order / total number of individuals), and S = order richness.

5.2.6 Litter mass, carbon and nitrogen loss

Litter samples were oven-dried to a constant weight at 70 °C for 48 h to determine their
initial dry mass before incubation (Mo) and their dry mass at each collection time (My).
Litter mass loss (%) was calculated as: (Mo — Mt)/Mo x 100. Dried leaf litter samples were
ground and homogenized, and their carbon and nitrogen content were measured using a
CN analyzer (Yanaco MT-700; Kyoto, Japan). Carbon and nitrogen loss (%) were
determined using the formula: [(Mo x Co) — (Mt x Ct)]/(Mo x Co) % 100, where Mo is the
initial litter dry mass, M is the dry mass of decomposed litter at time t, Co is the initial
concentration of carbon or nitrogen (% of the litter dry mass), and Ct is the concentration
of carbon or nitrogen in the decomposing litter at time t. In addition, litter C/N ratios of
initial representative samples (N = 5) and all litter samples were determined after each

collection.

5.2.7 Data analysis

Linear mixed-effect models (LMMs) were performed to determine the effects of dead
culms, soil fauna, decomposition time, and their interactions on the losses of litter mass,
carbon and nitrogen, and C/N ratio. To account for the spatial structure of the
experimental design, soil fauna nested into dead culm treatment, and the latter two nested
into plots were included as the random effect. To account for the temporal correlation and
the effect of consequent litterbag collections on litter mass, carbon and nitrogen loss and
C/N ratio, decomposition time was considered as a continuous covariate in the LMMs.
The effects of treatments on litter respiration rates were analyzed with a generalized linear
mixed-effect model (GLMM) using a Gamma distribution with the log link function.
Treatments and their interactions were considered fixed effects whereas the spatial
correlation structure was included as the random effect. Then, a nested analysis was
performed to evaluate the effects and the difference in the group means of the dead culms
and soil fauna treatments at each collection time. In addition, soil mesofauna
contributions to litter mass loss were calculated as: [(mass loss in 1-mm mesh bag — mass
loss in 42-um mesh bag)]/(mass loss in 1-mm mesh-bag). Positive and negative values
indicate positive and negative contributions of the soil mesofauna to litter mass loss,

respectively. Mesofaunal contributions affected by dead culms, soil fauna and their
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interactions were evaluated in a LMM including dead culm treatment nested into plots as
the random effect.

The differences in soil surface moisture and temperature (daily minimum and maximum)
between the dead culms and the control were evaluated with t-tests for the first year of
evaluation. As the influences of the dead culms on soil temperature may vary with season
(Goldin and Hutchinson, 2015), the mean daily minimum and maximum soil
temperatures in summer (July and August 2019) and winter (January and February 2020)

were compared between treatments using t-tests.

To test the effects of dead culms and decomposition time on soil fauna relative density
and order richness and diversity, GLMMs were performed including dead culm treatment
nested into plots as the random effect. A Gamma distribution was assumed for mesofauna

density and order richness, whereas a Gaussian distribution was assumed for diversity.

Non-metric multidimensional scaling (NMDS) analysis was conducted using a matrix of
the square root-transformed abundances of the soil fauna groups to visualize the
differences in mesofauna community composition between the dead culm and control
treatment at each retrieval time. Distances between groups were calculated using the
Bray-Curtis distance index (range: 0-1). A stress level threshold of < 0.2 was used to
validate the NMDS goodness of fit. A permutational multivariate analysis of variance
(PERMANOVA) with 999 randomizations was performed to determine whether the soil
mesofauna community composition significantly differed between treatments and among
collection periods. A canonical correspondence analysis (CCA) was used to explore the
relationships between soil fauna orders or suborders and potential explanatory variables
(treatment, time, litter mass loss, litter C/N and litter water content). The significances of
the CCA model, the first two axes, and the explanatory variables were calculated with

permutation tests.

All statistical analyses were conducted in R v. 4.0.2 (R Core Team, 2021). NMDS,
PERMANOVA, and CCA were performed using the ‘vegan’ package in R (Oksanen et
al., 2020). LMMs and GLMMs analyses were performed with the ‘nlme’ (Pinheiro et al.,
2019) and the ‘lme4”’ (Bates et al., 2015) packages, respectively. The corCAR1 function

in the ‘nlme’ package was used to define the temporal autocorrelation structure.
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5.3 Results

5.3.1 Effects of dead culms and soil fauna on leaf litter decomposition

The dead culm and soil fauna treatments significantly affected litter mass loss but no
interaction between these two factors was detected (Table 5.1 and Figure 5.2a). The litter
mass loss under the dead culms was 30.4% higher on average than the control. Soil fauna
decreased litter mass loss. However, no difference in mesofauna contribution between the
dead culm treatment and the control was found throughout the decomposition period
(Table 5.1, Figure S5.1).

As with mass loss, the carbon and nitrogen losses were strongly affected by dead culms
and soil fauna but not by their interaction (Table 5.1 and Figure 5.2b, ). Relatively higher
carbon and nitrogen losses occurred under the dead culms and in the absence of soil
mesofauna (Table 5.1 and Figure 5.2b, c). A larger decrease in litter C/N ratio was
observed in the litter under the dead culms than the control (Table 5.1 and Figure 5.2d).
Soil mesofauna had no effect on litter C/N ratio (Table 5.1 and Figure 5.2d) whether or

not dead culms were present.

The dead culm treatment and decomposition time significantly affected the litter
respiration rates (Figure 5.3; P < 0.001). The litter respiration rates were higher under the
dead culms compared to the control during the decomposition experiment except for the
last sampling period at 720 d, at which no differences between the treatments were
observed (Figure 5.3; P > 0.05). Notably, across all retrieval times, soil mesofauna had

no significant influence on the litter respiration rates (Figure 5.3; P > 0.05).
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Table 5.1 Results of LMMs evaluating the effects of treatment (dead culm and control), soil
mesofauna (with and without fauna), decomposition time and their interactions on litter mass loss,
carbon and nitrogen loss, and C/N ratio; and the effects of treatment and decomposition time on
the mesofaunal contribution to litter mass loss.

Variable Source of variance df F P

Mass loss (%) Treatment (Tr) 1 125.85 <0.001 ***
Soil fauna (SF) 1 9.95 0.01*
Time (T) 5 165.81 < 0.001 ***
T x SF 1 0.01 0.91
TrxT 5 3.69 <0.01**
SFxT 5 1.69 0.14
TrxSFExT 5 0.79 0.55

Mesofaunal

contribution to mass Treatment (Tr) 1 0.01 0.93

loss (%)
Time (T) 5 1.57 0.19
TrxT 5 0.73 0.60

Carbon loss (%) Treatment (Tr) 1 98.09 <0.001 ***
Soil fauna (SF) 1 7.27 0.03 *
Time (T) 5 207.03 <0.001 ***
Tr x SF 1 0.06 0.81
TrxT 5 3.67 <0.01**
SFxT 5 1.77 0.12
TrxSFxT 5 0.83 0.53

Nitrogen loss (%) Treatment (Tr) 1 27.91 <0.01 **
Soil fauna (SF) 1 11.97 <0.01 **
Time (T) 5 28.54 < 0.001 ***
Trx SF 1 1.59 0.24
TrxT 5 8.21 < 0.001 ***
SFxT 5 151 0.19
TrxSFxT 5 0.99 0.42

C/N ratio Treatment (Tr) 1 29.28 <0.01 **
Soil fauna (SF) 1 0.03 0.87
Time (T) 5 132.61 <0.001 ***
Tr x SF 1 1.33 0.28
TrxT 5 5.03 <0.01**
SFxT 5 0.57 0.72
TrxSFEFxT 5 0.58 0.71
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Figure 5.2 Changes in leaf litter a) mass loss, b) carbon loss, c) nitrogen loss, and d) C/N ratio
showing the effects of dead culms and soil mesofauna over 720 days of litter decomposition. Error
bars indicate standard errors (N = 5).
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5.3.2 Effects of dead culms on soil microenvironmental conditions

There were large significant differences between treatments in terms of soil water content
(Figure 5.4a; P < 0.001), specifically, the soils under the dead culms had higher moisture
content than the control. There were no detectable significant differences between
treatments in terms of mean daily minimum or maximum soil temperature throughout the
year (P > 0.05). However, the mean daily minimum temperatures were significantly
higher (~1.3 °C) under the dead culms than the control during the winter season (Figure
5.4b; T =3.4; P <0.001).

5.3.3 Effects of dead culms on litter fauna assemblage

Dead culms and decomposition time significantly influenced soil mesofauna abundance,
order richness, and diversity (Figure 5.5; P < 0.01). At all sampling times, litter fauna
density and order richness were always higher in the presence of dead culms (Figure 5.5a,
b; P < 0.05). The litter under the dead culms had comparatively higher densities of
predators, detritivores, and fungivorous mesofauna. Temporal changes in the composition
of the soil fauna functional groups differed between the control and the dead culms
treatments (Figure 5.6). For both treatments, the relative abundance of fungivorous fauna
varied greatly with decomposition time and reached a minimum at 270 d. The proportions
of detritivores and predators in the litter under the dead culms remained consistent
throughout the decomposition period (Figure 5.6).

Dead culms significantly affected the soil fauna assemblages in the leaf litter
(PERMANOVA,; Pseudo F = 6.97; P < 0.01). However, the differences in soil fauna
community between the control and dead culm treatments depended on the incubation
period (PERMANOVA; Pseudo F = 2.79; P < 0.01). NMDS showed that the largest
differences in soil fauna community occurred at 180 d (December 2019) and 540 d
(December 2020) which corresponded to the winter season surveys (Figure S5.2). Along
with the effects of treatment (F = 3.59; P < 0.01) and time (F = 3.37; P < 0.01), the CCA
showed that the decomposition stage (litter mass loss) (F = 3.69; P < 0.01), litter moisture
content (F = 5.54; P < 0.01) and litter C/N ratio (F = 2.32; P < 0.01) significantly

influenced the soil faunal assemblage in the leaf litter (Figure 5.7).
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5.4 Discussion

5.4.1 Influences of dead culms and soil fauna on litter decomposition

Dead woody materials are important forest floor components. CWD can alter soil biotic
and abiotic conditions and indirectly affect litter decomposition (Gonzalez-Polo et al.,
2013; Remsburg and Turner, 2006). In this study, the dead bamboo culms indirectly
promoted litter mass loss by modifying soil moisture availability and litter biotic activity.
Moreover, in accordance with our hypothesis, the presence of dead culms increased the
losses of litter carbon and nitrogen. The litter C/N ratio decreased with increasing
decomposition time, but to an even greater extent in the litter under the dead culms than
the control. In general, litter C/N ratio decreases due to greater carbon than nitrogen loss
as decomposition progresses (Coutealx et al., 1995). Here, the rapid decrease in the C/N
ratio of the litter beneath the dead culms was the result of faster decomposition rates and
greater carbon loss than the control. Taken together, these results suggest that the biotic
and abiotic changes mediated by dead bamboo culms accelerated litter decomposition and

nutrient mineralization and significantly modulated biogeochemical cycling.

Soil mesofauna decreased litter mass, carbon and nutrient loss but had no effect on litter
respiration. It is generally assumed that soil fauna enhance litter decomposition (Garcia-

Palacios et al., 2013; Seastedt, 1984). Previous studies using similar mesh size litterbags

as in this study (1 mm and < 42 um) found that mesofauna enhanced litter mass loss by

20% (Joo et al. 2006; Song et al. 2020; Wang et al. 2015), while another reported that
they decreased litter decomposition (Fujii et al. 2016). The great variability in the
magnitude and direction (positive or negative) of mesofaunal effects on decomposition
suggests that their effects may depend on several factors (Frouz, 2018). For instance,
confounding effects may occur because of the differences in moisture conditions as a
consequence of using litterbags with small mesh sizes (Kampichler and Bruckner, 2009).
Here, no significant differences were found in terms of litter or litterbag moisture content
between the mesh sizes. Thus, it is unlikely that changes in moisture conditions and
potential confounding effects on litter decomposition or the activity of soil mesofauna
occurred in this study. Furthermore, these results are in line with Lin et al. (2019), who
found that the presence of soil meso- and macrofauna significantly reduced leaf litter
mass loss in a Moso bamboo forest. The inhibition of decomposition by soil fauna could
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be a result of indirect interactions and their impacts on microbial communities during

decomposition (Kampichler and Bruckner, 2009; Lussenhop 1992).

Soil mesofauna can decrease litter decomposition rates by overgrazing and preying on
litter microbial communities (Hattenschwiler and Gasser, 2005; Lussenhop, 1992). In this
study, soil mesofauna had a slightly positive effect on litter mass loss after 270 days of
decomposition. Notably, this effect was only observed when mycophagous Prostigmata
and Collembola, which also includes many fungivorous species, had the lowest density
and relative abundance. This could suggest that mainly fungivorous fauna preyed upon
the microbial communities throughout most of the decomposition period, leading to a
negative contribution of soil fauna to decomposition and reduced rates of litter mass and
nutrient loss. Contrastingly, litter respiration rates were not influenced by the presence of
soil mesofauna. This could be attributed to the activity of litter-feeding fauna and the
conversion of litter into fecal pellets that may stimulate microbial activity (Briones, 2018;
David, 2014). Thus, it is possible that the litter respiration rates in the presence of soil
fauna were similar to those in the fine-mesh litterbags despite the negative effect of

mesofauna on litter mass loss (Fujii et al., 2016).

It was initially hypothesized that the soil fauna under the dead bamboo culms would have
a relatively greater impact on litter decomposition than on the forest floor (control).
Nevertheless, the interaction between soil fauna and dead culm treatment was not
significant. There were comparatively higher mesofauna density and richness in the litter
under the dead culms than the control. However, the relative contributions of the soil
fauna to litter decomposition did not differ between treatments. Earlier studies associated
soil fauna diversity and richness with accelerated litter decomposition (Liu et al., 2019;
Tresch et al., 2019). In contrast, other studies showed that microarthropod abundance and
richness did not always correspond to an increased impact of soil fauna on litter mass loss
(Irmler, 2000; Neher et al., 2012). Moreover, it seems that taxon diversity is less important
than the presence of certain key species that facilitate and directly contribute to litter
decomposition (Cragg and Bardgett, 2001; Setdld, 2002; Wardle, 2002). Besides the
effect of dead culms on soil fauna abundance and diversity, their presence may
simultaneously affect multitrophic interactions among decomposers (Castro and Wise,
2010; Jabin et al., 2004). The complex relationships within the soil food web may mask

the influence of certain mesofaunal groups as they also interact with other microbial
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feeders that affect decomposition (Scheu et al., 2005). Further research is required to
elucidate the roles of soil fauna mediated by CWD and their overall impact on litter mass

loss and nutrient dynamics.

5.4.2 Influence of dead culms on soil environmental conditions

The higher soil moisture retention found under the bamboo culms is congruent with
earlier research that reported higher moisture conditions near CWD. This trend is often
attributed to reduced evaporation from soils beneath coarse woody materials (Boggs et
al., 2020; Goldin and Hutchinson, 2014; Pettit and Naiman, 2005). Moreover, the soils
under CWD are generally cooler in summer and warmer in winter than those that are
away from logs (Boggs et al., 2020; Goldin and Hutchinson, 2015). In this study, the
winter daily minimum temperatures were slightly moderated by the dead culms,
indicating that the presence of this material can maintain warmer soil temperatures during
the colder seasons. Unlike CWD from logs, dead culms have only a minor effect on the
soil surface temperatures during the summer. This is likely because bamboo culms have
comparatively smaller volumes and contact areas with the soil than the logs (Goldin and
Hutchinson, 2015).

5.4.3 Influence of dead culms on litter soil fauna community

There are several possible explanations for the differences in the litter fauna assemblages
between the control and dead culm treatments. CWD may provide a suitable habitat for
the soil fauna communities by promoting favorable microsite conditions for them in the
litter layer (Hanula et al., 2006; Jabin et al., 2004). In this study, relatively greater soil
mesofauna abundance and diversity were found in the litter under the dead culms.
Previous studies showed similar soil fauna patterns in the litter adjacent to CWD (Castro
and Wise, 2010; Jabin et al., 2004). However, other studies reported taxon-dependent
differences in microarthropod abundance and richness (Déchéne and Buddle, 2010;
Evans et al., 2003; Ulyshen et al., 2011; Ulyshen and Hanula, 2009). The significant
interaction between treatment and decomposition time on mesofauna community
composition revealed relatively greater differences in soil fauna assemblage during the
winter periods. This suggests that the slightly higher soil temperatures under the dead
culms may benefit soil fauna that are sensitive to microenvironmental changes in the
forest floor. In addition, the CCA biplot showed that soil fauna such as Pseudoscorpionida,

Diptera, and Coleoptera associated with the dead culms were positively correlated with
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the litter water content. Hence, dead bamboo culms might favor the proliferation of soil
fauna preferring high moisture content in the litter layer (Castro and Wise, 2010; Kappes
etal., 2007).

The soil fauna assemblage may respond to the resources and food provided by CWD
(Kappes, 2005). In our study, the increased litter respiration rates under the dead culms
may have affected the densities of fungivorous fauna in this treatment likely because they
prefer litter with high microbial activity (Harrop-Archibald et al., 2016; Zimmer et al.,
2003). Moreover, as indicated by the constant relative abundance of predators, the dead
culms may have provided both refuge and resources for predatory fauna throughout the
decomposition period. Another study reported a similar association between the presence

and abundance of predatory fauna and decomposing logs (Castro and Wise, 2010).

Changes in litter quality during decomposition may also influence soil fauna community
composition (Evans et al., 2003; Hasegawa and Takeda, 1995; Wardle and Lavelle, 1997).
We found that the soil fauna assemblage responded to litter quality and litter mass loss
(or decomposition stage). Rapid changes in the C/N ratios of the litter under the dead
culms may have affected the abundance of certain soil fauna groups such as detritivores
that may prefer decomposed and more palatable litter (Dudgeon et al., 1990). This further
highlight that one of the main effects of dead culms on litter fauna assemblage comes

from the rapid changes in litter quality and fast decomposing litter under the culms.

5.4.4 Implications for management

Increasing expansion of Moso bamboo stands may result in large areas dominated by this
plant in the near future (Shinohara et al., 2014; Suzuki, 2015). In unmanaged stands, dead
culm accumulation may account for nearly 31% of the total aboveground biomass and
substantially contribute to long-term carbon nutrient storage (Shimono et al., 2021,
Ugawa et al., 2011). These findings indicate that the legacy of dead bamboo culms
extends well beyond their direct role as a carbon reservoir. On the forest floor, dead culms
play an indirect role in short-term carbon dynamics and nutrient cycling. They provide
spatially heterogeneous biotic and abiotic conditions on the forest floor where litter
decomposition and nutrient loss are actively enhanced. Moreover, dead culms affect litter
fauna assemblage during decomposition and thus provide resources and refuge for

mesofauna that are sensitive to microclimate variations in the litter layer. The ecological
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importance of dead culm accumulation and their contribution to nutrient cycling in
bamboo stands should be further recognized and considered in management decisions.
Common management practices that involve the removal of dead culms could adversely
affect litter nutrient cycling and alter the spatial distribution of soil microarthropods on

the forest floor.

5.5 Conclusion

This chapter demonstrated that dead culms modified the soil microenvironment,
increased litter biotic activity, and accelerated litter mass, carbon and nitrogen loss. Dead
culms significantly increased mesofaunal abundance and diversity and affected fauna
assemblage during litter decomposition. However, the fauna effect on litter
decomposition was not altered by the presence of dead culms, suggesting that indirect
effects of dead bamboo culms on litter decomposition were mainly through changes in
the soil environment and litter microbial activity. Taken together, these results show that
dead bamboo culms are important structural components that influence decomposer
organisms and litter nutrient dynamics in Moso bamboo stands. The persistence of dead
culms on the forest floor might have long-lasting effects on nutrient turnover through

indirect influence on litter decomposition.
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Chapter 6

General Discussion

6.1 How do above- and below-ground litter decomposition, soil fauna and

dead bamboo culms influence organic matter cycling in bamboo stands?

Litter traits have significant effects on plant organ decomposability and nutrient
mineralization (Freschet et al., 2013; Wardle et al., 2004). In Moso bamboo, whole-plant
litter decomposition was highly correlated with intraspecific litter quality (Chapter 3).
Variations in chemical and structural traits predicted organ decomposability and litter
carbon loss, while only initial N concentration predicted N release during decomposition.
After two years of decomposition, carbon loss was the greatest in leaf, followed by root,
rhizome, branch and culm litter, while net N release was highest in culm and rhizome

litter, followed by branch, fine root and leaf litter.

To understand the influence of above- and below-ground litter on soil organic matter
dynamics, it is necessary to consider both organ decomposability and their annual litter
input (Freschet et al., 2013). In an unmanaged Moso stand, Isagi et al. (1997) reported
that culm litter accounts for 55% (7.0 Mg ha* yr!) of the total annual above-ground litter
input, while leaf litterfall contributes only 34% (4.4 Mg ha* yr). Below ground, fine
root litter input would represent a significant proportion due to the rapid turnover of fine
roots. However, there is no reliable or published data on litter mass input of fine roots or
rhizome in Moso bamboo stands. Building upon this understanding, Figure 6.1
quantitatively illustrates the contribution of bamboo organs to C and N release during
litter decomposition in a Moso bamboo stand. The total C and N input was estimated
using annual litter input data from lIsagi et al. (1997), the initial C and N litter

concentrations and the rates of C and net N release from bamboo litter in Chapter 3.
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Figure 6.1 Quantitative illustration of the contribution of aboveground bamboo organs and dead
bamboo culms to C and N release (in the presence of soil fauna) in an unmanaged Moso bamboo
stand. Annual litter input is shown in arrows (Isagi et al., 1997), biomass allocation is shown in
grey boxes (Kobayashi et al., 2023), litter decomposition rates are shown in square white boxes
(Chapter 3 and Chapter 5), and estimated C (Mg C ha® yr?) and N (kg N ha? yr?) release are
shown in white circles.

Despite constituting only 34% of above-ground litter input, leaf litter contributed to 71%
of the total C released (1.0 Mg C ha! yr!) due to its rapid rates of decomposition and C
loss. In contrast, culm and branch litter contributed only 21% (0.3 Mg C ha* yr!) and 8%
(0.1 Mg C hat yr) of the C released annually, respectively (Figure 6.1). The contribution
of bamboo organs to N release varies from their contribution to C release. Leaf litter,
despite having higher initial N content and a consistent N release during decomposition,
accounts for 40% (5.7 kg N ha* yr'!) of the total N released among above-ground organs.
Notably, culm litter, contributing 55% of total above-ground litter yet having the lowest
initial N concentration, accounts for 52% (7.3 kg N ha* yr) of the total annual N release
(Figure 6.1).
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Woody bamboos allocate less biomass to leaves compared to many tree species
(Kobayashi et al., 2023), thus leaf litter represents a smaller proportion of the above-
ground litter input, especially when compared to culm litter (Isagi et al., 1997).
Nevertheless, leaf litter decomposition contributes significantly to C release and
accelerates C cycling in bamboo stands. The role of leaf litter decomposition in N cycling
is also significant given its high initial nutrient content and consistent N release; however,
its contribution to stand-level N input may not be comparable to that of culm litter (Figure
6.1).

During a 2-year decomposition period, culm litter was characterized by alternating
periods of N retention and N release, with an average net N release of 36% of its initial
N content (Chapter 3). N accumulation in culm litter may be due to its translocation from
external sources, which can then favor N mineralization by microbial communities. N
immobilization during CWD decomposition has been well-documented (Yuan et al.,
2017; Laiho and Prescott, 2004), with N accumulating for decades or being released only
after long periods (>20 years) (Holub et al., 2001; Palvaiainen et al., 2010). In temperate
and boreal forest ecosystems, CWD input ranges from 3-70% of aboveground litter input.
However, due to the long-term N retention during decomposition, CWD contributes to
<5% of N released (Laiho and Prescott, 2004; Palviainen et al. 2008; Laiho and Prescott,
2004). In contrast, bamboo culms serve as N pools and release N relatively rapidly during
early stages of decomposition. Although the results of this study provide a limited
understanding of long-term N dynamics during culm litter decomposition, they still
suggest that culm litter plays a significant role in N cycling in bamboo stands.
Furthermore, to better understand the external sources of N translocation and clarify N
dynamics, future research should focus on using alternative analytical methods, such as
31N, at different stages of culm litter decomposition (Rinne et al. 2017).

Similar to CWD from trees, dead bamboo culms serve as long-term C reservoirs due to
their slow C release (Chapter 3). Moreover, they also play an indirect role in C cycling
by promoting leaf litter decomposition (Chapter 5). The presence of dead bamboo culms
enhances soil and litter moisture retention, providing favorable habitats for
microarthropods on the forest floor. The ecological significance of dead culms and their
contributions to carbon and nutrient cycling should be considered in management

decisions.
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In Moso bamboo stands subject to intensive and extensive management, practices often
involve the removal of dead culms, leaving no standing dead bamboo culms or debris on
the forest floor. As shown in Chapter 3 and 5, dead bamboo culms can directly accelerate
N cycling through litter decomposition and indirectly increase C and N release (by 18%
and 60%, respectively) in leaf litter decomposing beneath the culms (Figure 6.1). Thus,
incorporating management decisions that include the retention of certain amounts of dead

bamboo culms could improve nutrient availability in Moso bamboo stands.

Soil mesofauna plays an important role in litter decomposition processes through
ingesting and fragmenting litter, and through their interactions with litter microbial
communities (Chapin et al., 2011). Generally, it is assumed that soil fauna enhances litter
decomposition by 20-45% (Garcia-Palacios et al., 2013; Song et al. 2020; Wang et al.,
2015). However, there a few reports on the negative effects of soil fauna on litter mass
loss (Fujii et al., 2016; Lin et al., 2019). Moreover, the contribution of soil fauna on
decomposition to litter decomposition can depend on litter quality (Coleman et al., 2004),
which further suggests that the effects of soil fauna cannot be generalized. In Chapter 3,
the contribution of soil mesofauna to decomposition of bamboo litter was not dependent
on litter quality. Instead, the effects of soil fauna were only observed in branch and leaf
litter at later stages of decomposition. Soil fauna decreased litter decomposition in branch
and leaf litter and reduced their C release by 43% and 9%, respectively. The results
showed that soil mesofauna had no effects on N cycling but had a significant effect on C
cycling by decreasing the decomposition of above-ground organs. The large disparities
in the contribution of soil fauna to the decomposition of different organs highlights the
importance of evaluating the effects of soil fauna on whole-plant litter decomposition for

a comprehensive understanding of organic matter cycling in bamboo stands.
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6.2 How does root litter quality and decomposition within the branching root
system contribute to soil carbon cycling in bamboo stands?

Using a functional order approach to fine root decomposition in woody bamboo species,
lower order roots decomposed more slowly than higher order roots (Chapter 4), consistent
with previous studies on root decomposition in temperate and subtropical tree species
(Fan and Guo, 2010; Goebel et al., 2011, Sun et al., 2018). Fine root litter decomposition
rates were correlated with root carbon quality among bamboo species and root orders.
Higher decomposability in higher order roots was associated with labile C compounds
(i.e., carbohydrates, polysaccharides), while the reduced decomposability of lower order
roots was associated with the higher relative abundances of recalcitrant C compounds (i.e.,
lignin, tannin, aromatic compounds). The correlation between root decay rates and C-
NMR spectral regions aligns with the C-quality hypothesis, suggesting that the lower
decomposability of lower root orders relates to their poor C quality (Fan and Guo, 2010).
Despite relatively small differences in the relative abundances of organic C compounds
among root orders, the significant differences in the decomposability of lower and high
order roots could be also attributed to their contrasting N concentration. Higher nitrogen
concentrations in the presence of acid insoluble compounds (as in lower order roots) can

inhibit decomposition trough the formation of recalcitrant compounds (Berg, 2000).

Root decomposition showed no correlation with the alkyl C region in the C-NMR spectra,
which is representative of aliphatic compounds and suberin (Chapter 4). Root suberin is
a recalcitrant biomolecule and may contribute to the formation of stable SOM (Poirier et
al., 2018). Additional research is needed to determine whether root suberin resists decay
during litter decomposition and confers some degree of recalcitrance to lower order roots.
Previous studies have shown that nonstructural carbohydrates are quickly lost during root
decomposition, specially in higher order roots (Fan and Guo, 2010). However, the fate of
recalcitrant compounds such as tannin, phenols, and lignin among different branching
orders remains unknown. Further studies should also explore organic C changes during
root litter decomposition and how these changes differ in lower order compared to higher

order roots.

Root litter input and quality are major factors regulating SOC storage and stabilization in
soils. Root decomposition strongly influences SOM stabilization through litter quality.

Generally, root recalcitrant compounds, which are harder to decompose, contribute more
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to SOM stabilization than high quality litter. This is due to their resistance against
enzymatic breakdown and stimulation of fungal growth rather than bacteria. In contrast,
high quality or labile roots decompose rapidly, leading to increased accumulation of
microbial products and the formation of stable SOM. In this context, variations in litter
quality and decomposability across the branching root system would imply distinct roles
of roots orders in soil C retention (Fan and Guo, 2010, Beidler and Pritchard, 2017). From
a litter-centered approach, lower order roots would contribute to effective SOM
stabilization through their slow decomposition and the presence of recalcitrant organic
compounds (Poirier et al., 2018). Zhou and Fu (2008) classified Moso bamboo fine roots
based on diameters and reported that the finest roots (< 0.5 mm), likely corresponding to
first and second order roots, constitutes over 26% of the fine root volume. Consequently,
given than lower order roots have rapid turnover rates and may represent a significant
proportion of the fine root biomass in bamboo stands, their slower decomposition could
make a large contribution to SOM stabilization and soil carbon storage.

The role of root decomposition in SOM stabilization is also crucial for predictions of how
changes in vegetation composition due to bamboo invasion might impact soil carbon
storage. Recalcitrant Moso bamboo roots decomposed slower, in contrast to the labile
roots Madake and Hachiku which decomposed faster (Chapter 4). From a litter quality
approach, fine root decomposition in Moso bamboo stands may contribute to higher SOM
stabilization compared to Madake and Hachiku. This further implies that differences in
root litter quality among Madake, Hachiku and Moso bamboo will result in distinct effects
of bamboo invasion on SOM stabilization and storage. Root biomass can represent up to
30% of the total standing bamboo biomass and is an important source of litter input in
bamboo stands. Notably, woody bamboos can allocate two times (or even more) fine root
biomass compared to trees (Kobayashi et al., 2023; Shimono et al., 2022), thus root litter
input and turnover can greatly affect below-ground processes during invasion. Further
research should focus on how root litter input and quality of different invasive bamboo

species would impact soil carbon storage and the carbon cycle at the ecosystem level.
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Chapter 7

General Conclusion

This chapter presents an overview by summarizing the key research findings of the study

and discussing the value and contribution thereof. The present study aimed to investigate

litter decomposition dynamics and elucidate how different factors interact to regulate

decomposition processes in bamboo stands. Specifically, environmental controls, litter

quality, soil fauna and the presence of coarse woody debris were considered to evaluate

their impacts on litter decomposition and nutrient cycling in bamboo stands. The results

of this study are divided into four sections:

1)

2)

At large scales, climate plays a significant role in regulating decomposition
processes in Moso bamboo (Phyllostachys edulis) stands. The findings
emphasized that long-term climate played a crucial role in litter stabilization,
while temporal climatic conditions predominantly affected decomposition rates.
The interaction between precipitation and temperature was a strong determinant
of decomposition rates, indicating that precipitation accelerated initial
decomposition rates in warmer sites, and inhibited decomposition in cooler sites.
Furthermore, the findings demonstrated the limited direct effects of stand
structure and the accumulation of organic matter on decomposition processes but
revealed their indirect effects through variations in soil conditions. The relevance
of climate in this region indicates that future climatic changes in precipitation
patterns or temperature could greatly affect early decomposition phases and soil
carbon storage in Moso bamboo stands.

The effects of litter quality and soil mesofauna on whole-plant litter
decomposition in Moso bamboo were investigated. The results revealed that the
decomposability and carbon loss of bamboo organs correlated strongly with their
initial chemical and structural traits. Leaf litter had the highest carbon release,
while culm and rhizome litter had the highest net nitrogen release during a two-

year decomposition period. At the stand level, leaf litter decomposition
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3)

4)

accelerates C cycling, while the rapid N release and substantial culm litter input,
relative to leaf litter input, suggests that culm litter decomposition play a
significant role in N cycling. Soil fauna did not alter the relationships between
litter traits and organ decomposability, suggesting that intraspecific variation in
litter traits did not modulate the contribution of soil fauna to decomposition. The
results revealed that soil fauna decreased mass and carbon loss in leaf and branch
litter, while they had no effects on litter nitrogen release. This further suggests
that soil mesofauna slow down C cycling by negatively affecting above-ground
litter decomposition. Such differences in the contribution of soil fauna to the
decomposition of above- and below-ground organs highlight the importance of
considering soil fauna effects in whole-plant litter decomposition to understand

the role of soil decomposers in carbon and nutrient cycling in bamboo stands.

A functional order approach was used to assess the effects of litter quality on root
litter decomposition of Hachiku (Phyllostachys nigra), Madake (Phyllostachys
bambusoides) and Moso bamboo (Phyllostachys edulis). The findings revealed
that lower order roots exhibited slower decomposition rates compared to higher
order roots. While morphological and traditional chemical traits varied
significantly among branching orders, they did not entirely account for the
variability in root litter decomposition rates. Root litter characterization using *3C-
NMR spectra exhibited the highest predictive power for root litter decomposition
across species and root orders. The results clarified that the low decomposability
of lower order roots was associated with their higher relative abundance in
aromatic C compounds and lower relative abundance of labile C compounds.
These findings highlight the importance of considering the fine root heterogeneity
in woody bamboos and the variations in carbon quality among different branching

orders for accurate predictions of below-ground processes.

The influence of dead culms and soil fauna on leaf litter decomposition dynamics
was evaluated in Moso bamboo stands. The findings demonstrated that dead
culms modified the soil microenvironment, leading to increased litter biotic
activity and rapid litter mass and nutrient loss. The presence of dead culms had a
substantial impact on the abundance and diversity of mesofauna and affected the

composition of the fauna community during litter decomposition. Soil fauna
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effects on leaf litter decomposition were not altered by the presence of dead culms,
indicating that the indirect effects of dead bamboo culms on leaf litter
decomposition primarily occurred through changes in the soil environment and
litter microbial activity and not through changes in soil fauna communities. These
results highlight the significance of dead bamboo culms as structural components
and their influence on decomposer organisms and litter nutrient dynamics in Moso
bamboo stands. The removal of dead culms from the forest floor as a consequence
of common management practices may slow down litter C and N release in

bamboo stands.

Overall, this thesis enhanced our understanding of litter decomposition dynamics and the
factors regulating these processes in bamboo stands. This study provides insights into the
contrasting roles of climate, litter quality and soil fauna in regulating above- and below-
ground decomposition processes in bamboo stands and provides insights into their
implications for soil carbon storage and nutrient cycling. In addition, the findings on the
indirect impacts of dead culms on nutrient cycling hold practical implications for the
management of bamboo stands.
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Appendix
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Figure S2.1 Comparison of Tea Bag Index parameters (k and S) in Moso bamboo stands
(this study) and those obtained from the dataset of Suzuki et al. (2019) of tea bags
incubated in five vegetation types across Japan. BC (Broadleaf-conifer forest), DB
(Deciduous broadleaf forest), EB (Evergreen broadleaf forest), EC (Evergreen conifer

forest), SR (Alpine shrub).
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Figure S3.1 Litter C and N concentrations (%), and C/N dynamics in different bamboo
litter (branch, culm, fine root, leaves and rhizome litter) in the presence and absence of

soil mesofauna during decomposition.
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Figure S5.1 Changes in mesofaunal contributions (%) to litter mass loss in control and
dead culms. No significant differences were found between treatments at each
decomposition period (one-way ANOVA, P > 0.05).
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Figure S5.2 Non-Metric Multidimensional Scaling (NMDS) ordination of soil mesofauna
community composition showing the effects of dead culms and decomposition time.

NMDS plot is based on Bray-Curtis dissimilarities.
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