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Abstract

Soil organic carbon (SOC), although a small component of the soil, is fundamental to
delivering the physical, biological, and chemical functions that underpin soil ecosystem
goods and services. The loss of SOC causes considerable negative impacts on the global
environment. However, our knowledge of SOC is primarily drawn from studies that focus
on the topsoil layer (0-30cm) while the majority of SOC stocks are stored in the subsoil
layer. The mechanisms responsible for subsoil SOC preservation are far less well
understood. This study generally aimed to quantify, compare, and mechanistically explain
carbon storage in the top 1 metre of soil under different land uses.

To examine the preservation mechanisms responsible for SOC storage under different land
uses down the soil profile in the UK, soil sampling was carried out up to 1 m depth under
the three UK dominant land uses (woodland, grassland and arable). The samples were
analysed to quantify key soil properties (SOC, pH, C/N ratio, and texture) at 10 cm
increments and SOC physical fractionation and ammonium oxalate extractable Al, Fe, and
Mn was determined on selected soil layers, representing topsoil and subsoil, to investigate
the mechanisms of SOC preservation down the soil profile. The results indicated that
woodland soils contain greater SOC, N, and a higher C/N ratio than grassland and arable,
while all these properties decreased down the soil profile. SOM fractionation revealed that
the mineral-free particulate organic matter (fPOM) fraction was significantly greater in both
the topsoil and subsoil under woodland than under grassland or arable. The mineral
associated organic carbon (MinOC) fraction was proportionally higher in the subsoil than
topsoil under all land uses, indicating that SOM protection in subsoils is primarily regulated

by soil organo-mineral interactions, mainly amorphous Fe and Mn concentrations.

Fourier-transform infrared (FTIR) spectroscopy and §'3C analysis of the fPOM fraction of
topsoils and subsoils sampled down the soil profile under woodland, grassland, and arable
land uses were used to determine the chemical recalcitrance and degree of microbial
decomposition of fPOM and attribute this to the isotopic composition and presence of
functional groups. The results showed a clear influence of land use on fPOM characteristics
where soils under more natural vegetation had higher fPOM, SOC, and N concentrations,

more oxygenated functional groups (e.g. carbohydrates and carboxylic acids), and were



depleted in *C due to the absence of C4 crops. Subsoil fPOM was chemically different to

the surface layers due to being more microbially decomposed.

The effect of forest conversion to cinnamon plantation on an Indonesian Andosol was
investigated by collecting and analysing samples collected down the top 1 m of the soil
profile from three different prominent cinnamon producing locations (Lempur, Pungut,
Renah Kayu Embun (RKE)) in Kerinci Regency, Sumatera, Indonesia. Soil samples were
collected under natural forest vegetation and at 1, 5, and 10 years after clearance of the
forest and establishment of a cinnamon plantation. The results revealed that, despite short
term increases in SOC stocks due to pyrogenic inputs resulting from slash and burn, SOC
stocks were ultimately lower 10 years after forest conversion, reflecting decreases in both
topsoil and subsoil layers. FTIR spectroscopy revealed an increase in the degree of
decomposition of fPOM down the soil profile 10 years after forest conversion to cinnamon
plantation, probably due to less fresh litter input and greater microbial activity.

The findings of this study are that SOC quality and quantity are altered when natural
vegetation is converted to an agricultural land use, largely influenced by the lower
contribution of plant litter input due as source OM. Natural vegetation have greater OM
inputs, with a higher proportion of carbohydrate compounds, than converted land and there
is tendency that the SOC quantity decrease as the converted land gets older. Moreover, this
study confirmed that mechanisms of SOC protection differ with depth; topsoil is dominated
by free particulate organic matter (fPOM) and subsoil dominated by SOM bound to mineral
surfaces (amorphous Al, Fe and Mn). Topsoil is provided with direct fresh litter and
experienced faster decomposition process while subsoil was dominated by less microbially
processed OM. All these observations indicate that SOC, and related physical chemical
properties, are clearly influenced by land use and soil depth which is important knowledge
to advance SOC preservation.



Acknowledgements

Alhamdulillahhirabbil ’alamin. All praises be to Alloh SWT through Barokah and Karomah
of Grand Sufi Master Syeikh Muhammad Abdul Ghaos Saefullah Maslul RA. QS for giving
me strength and capability to complete this thesis. | dedicate this thesis to my beloved wife
Weni Wilia, my daughter Masyitah Dzatil 1zzah and my son Azzam Achmad Achsani. |
would not have made it this far without their unceasing encouragement and support.

This thesis would not have been possible without the help, support, and patience of all my
supervisors, Dr Tom Sizmur, Prof. Chris Collins and Prof. Joanna Clark. | am truly grateful
for their detailed, critical and constructive feedback during my PhD journey. They provided
me with an expert guidance throughout the process of this thesis. | admire their
professionalism and dedication as a scholar and mentor. | would also like to appreciate Prof.
Liz Shaw as my advisory panel chair.

I am also thankful to all PhD colleagues in GES Department, especially under Dr Tom
Sizmur Research Group and the Soil Biogeochemistry group for helpful discussions and
feedbacks. My sincere thanks also go to SAGES technician staffs; Elisa Alonso Lopez, llse
Kamerling, Fengjuan Xiao, Karen Gutteridge, Anne Dudley, Pierre-Antoine Ariotti and
Sean Coole for their assistance with fieldwork and laboratory analysis.

Lastly, I sincerely thank Dikti-LPDP (Indonesia Endowment Fund for Education), Republic
of Indonesia for providing me with the financial support through BUDI LN Scholarship
during my doctoral study at University of Reading, UK.



Table of Contents

D =T [ o U1 o] o ISP i
Declaration of Original AUtNOISNIP ......c.veiiie e ii
N 0L = Tod USRS OPRRN ii
ACKNOWIEAGEMENES........eeiieie et te e r e e te e e e reenne e v
TabIE OF CONENTS ..ottt e e e e e sre e e vi
Chapter | - INtrOAUCTION ......ocviiie et eenaeas 1
1.1 Soils and the global carbon CYCle...........ooviiiiii e 1
1.2 Land use change in the UK and INAONESIA..........c.cccveiveiiiiiiiiicic e 2
1.3 General AIm and ODJECTIVES ........ooviiieicie e 3
1.4 OULliNE OF the ThESIS ....ecieieie e 3
1.5 Specific hypothesis addressed in each individual chapter. ...........cccocceviviiiiininiiennnn 4
Chapter H-LIterature REVIEW ..........cuiiiiiecie ettt sra e enne s 5
2.1 The SOIl CarbON CYCIE ..o 5
2.2 How does carbon enter SOIIS?.........ooiiiiiiiiieiee e 6
2.2.1 PROTOSYNTNESIS ...t 6
2.2.1.1 Photoautotrophic soil microorganisms...........cccceveveeveeiiesieseese e 6
2.2.2 ROOE EXUGALES. .....ccveiiieiieieiesie ettt 7
2.2.3 Sh0O0t aNd ROOE LITEEE .....ocveeieieie et 7
2.2.4 Organic Fertilizer and ManUIE ..........cceovveiieiiiie e 8
2.2.5 COVEBI CIOPS ..veeueeeteete ettt ettt b bbbt ab bt e b e e bt bt e e nnes 9
2.3 How does carbon 18aVe SOIIS? .........ccviiiiiiiieee e 9
2.3. 1 RESPITALION ...ttt bbbttt bbbttt e e 9
2.3.2 Soil Erosion and Sedimentation ...........ccoceveieieiinenieieesese s 10
2.3 .3 HAIVESL ...ttt bbb b re e ne e 10
2.4 Differences in the soil carbon cycle under different land USes ............ccccccvevveiveennenn. 11
241 ATADIE ...t ereenne e 11
2.4.2 GIaSSIANG .......oiviiiieieeee e e 11
2.4.2.1 Grazing and manure ProduCLION ...........cccceriririreeieie s 12
2.4.3WOOMIANG ..ottt 12
2.5 What controls carbon storage in SOIS?.........ccoiiiiiiiiiiriieee e 13
2.5.1 The nature of soil organic carbon .............ccce i 13
2.5.2 PRySICal PrOtECHION ....eviiiiieie e 15
2.5.3 Chemical ProteCtiON........cccoiiiiie e 16
2.6 Soil organic carbon at depth...........coociiiiiiiiii e 17
2.6.1 How much carbon is stored in the subsoil, compared to the topsoil? ................ 17
2.6.2 Primary inputs of carbon to the subsoil and the topsoil .............cccccceviviieieennenn, 17
2.6.3 Are the mechanisms whereby subsoil carbon becomes/remains stable different
to the mechanisms whereby topsoil carbon becomes/remains stable?.............c.......... 18
2.6.4 How does the mechanism by which carbon is protected from decomposition
down the soil profile vary With 1and USE?...........cccooeiiiiiiiii e 19

Vi



Chapter I11-The chemical and physical stability of soil organic carbon in the top 1 m of the

soil profile under different land uses in ENGland............cccoveveiieiicii i 20
ADSITACT ...ttt e n e re e beeneenreas 20
KT8 A 10T [0 Tod 1 o] OSSOSO P PP TRPRPSRPRPI 21
3.2 Material and MEthOAS ........cccooiiiiiiiee e 23

3.2.1 SO SAMPIING ..eveeieeece e 23
3.2.2 Laboratory MEtNOGS. .........covoiiiiiiiiiieee s 24
3.2.2.1 Soil Carbon and NItrOgEN .......ccocveiieieiiese e 24
3.2.2.2 SOM TEXIUIE....cveie ettt bbb 24
3.2.2.3 SOM PH o 25
3.2.2.4 Soil Organic Matter fractionation ...........cccccveveriieiieie i 25
3.2.2.5 Mineral availability analySiS...........ccccociiieiiiii i 27
3.2.3 StAtIStICAl ANAIYSIS ... 27
BB RESUIES ...ttt b e e e 28
3.3.1 Differences in soil properties with depth under different land uses................... 28
3.3.2 Differences in soil organic matter physical fractionation with depth under
AITFErENT JANG USES.....iiveeiiieiecie ettt s nte e nreenne e 29
3.3.3 Relationship between soil mineral availability and mineral associated soil
organic carbon (MinOC) N SUDSOIL..........ccviiiiiiii e 32
3.2 DISCUSSION ...ttt skttt s et e b et st e b skt et b e e se e s e st et e b et e nbesbe e b e eneaneeneeneas 34
3.4.1 Contrasting soil properties under different land USES..........cccccvevviiiiiviieiiennnnn, 34
3.4.2 Soil organic matter down the soil profile .........cccccoooviiiii i, 36
3.4.3 The physical and chemical protection of soil organic carbon (SOC) down the
0T I 0] (0] {1 OSSR ROTTOSPRRR 36
3.4.4 The importance of organo-mineral interactions for subsoil carbon storage....... 37
3.5 CONCIUSION. ...ttt ettt sttt sre e eneeneeneas 38

Chapter IV - Composition of free particulate organic matter (fPOM) in the top 1 m of soil

uNder diffErent TaNG USES........cviiiiiiiieiieeeee et 40
0 [ 0o [ Tod o] o OSSR 41
4.2 MELhOAOIOQY .....vveivieiece ettt e sbeeanesre s 43

O 1= [ 1] 1SRRI 43
4.2.2 SaMPIING AESIGN ...c.vieieiiceece e 43
4.2.3 Laboratory analySiS ........ccoeiiiiiiiiiieeeiee e 45
4.2.3.1 Extraction of the free particulate organic matter (fPOM) fraction.............. 45
4.2.3.2 Fourier Transform Infrared SPectroSCOPY .....ccvvvververiviiieiieie e seene e 45
4.2.3.3 Isotope Ratio Mass SPECIIOMELIY ........ccoiviiiiiiiieieiee e 46
4.2.4 SEAtiStICAl @NAIYSIS ....ecveeiie et 47
B3 RESUILS ...ttt ettt et s e et e e b e et e et e e a e e ba e aat e e reearaeeree e 47
4.3.1 C and N analysis of free particulate organic matter (fPOM)..........c..ccoevvvennnee. 47
4.3.2 Fourier Transform Infrared Spectroscopy of free particulate organic matter
(FPOIMY) ettt ettt bt s e st e s et e st et e s beebeeneeneeneeneeneas 50
4.4 DISCUSSION ..vevveteeiteeteeseesteesteastesseesseeseeaseesteeseeaseesseesseeseesseeteaneesseesseeneenseesseensennennsens 56
4.4.1 Land use effects on fPOM carbon quality .........ccccevvveiiiiiiieiiecii e, 56

Vii



4.4.2 Effects of soil depth on fPOM carbon quality..........ccoooeeviiiiiiiniiiiicncees 57
4.5 CONCIUSION. ....ecuiiiiitiitieie ettt bbbttt sb e bbb ne e et neas 59

Chapter V - Conversion of forest to Cinnamon plantation depletes the carbon stocks in the
top 1 metre of the soil profile in the tropical highlands of Kerinci Regency, Jambi

PrOVINCE, INUONESIA . ..cciiveiiii ittt s s e e e s e bt e e e e eab e e e e s sbbae s e s ebbeeeessares 60
ADSTFACT ...t 60
o T0 A 1 0o ¥ od £ o] o ISR RTOP 61
5.2 MEthOAOIOQY ....vveivieiece ettt e e e teannesreas 63
5.2.1 Study sites and SOIl SAMPIING ...ocveiiiieiiiee e 63
5.2.2 Laboratory @NalYSIS ......coeruirerieiinisieeieiesie ettt 64
5.2.2.1 Bulk density, Carbon, Nitrogen and C StOCKS..........cccccererveiinneniieseennnn, 64
5.2.2.2 Particulate organic matter eXtraCtion ...........c.ccoovevrenenenenesises e 65
5.2.2.3 Fourier Transform Infrared Spectroscopy analysis ..........cccccccvvevviivcieennnn, 66
5.2.3 StatiStiCal ANAIYSIS ......cviiiiiiiiie s 67
BB RESUILS .ot 68
5.3.1 Soil physico-chemical ProPerties ...........cccooeriririneiieieeree e 68
5.3.2 SOil CArDON StOCKS.......ecuviieiiiieiie st 70
5.3.3TOC, N, CN ratio and Organic carbon functional groups identified in fPOM .. 71
5.4 DISCUSSION ....vevitietietiesie ettt sttt e et e st b s bt s be e bt e s e s e st e sbesbesbesbesbeebeeneaneeneeneas 80
5.4.1 Topsoil and subsoil carbon stocks in tropical Andosols ............ccccovrviieiienenn 80
5.4.2 Effect of land use change on soil organic matter and carbon stocks.................. 80
5.4.3 Effect of land use change on soil organic matter quality at depth...................... 82
5.5 CONCIUSION.....cuiiiiiiictieie ettt sttt e e s e e e 83
Chapter VI — General DISCUSSION .........ciiiiiieieieiesie ettt 85
6.1. The dynamics of soil organic carbon under different land use in tropical and
TEMPEIALE SOMIS. ... .ot bbb 85
6.2. The dynamics of soil organic carbon in tropical and temperate region down the soil
PIOTIIE bbbt b e 86
6.3 Contribution of the thesis to KNOWIEAQE .........ccoevveiiiiiiieceeeceee e, 88
[ (=] 1= 0 0TSSP 90
AAPPENTICES. ...ttt ettt et et e e e et et e b e e be e nre e areenreereeareens 112
Appendix 1. Supporting information for Chapter 3..........cccoooeieiiieiiireeee 112
Appendix 2. Supporting information for Chapter 4..........c.cccoevieiiiieiie v 125
Appendix 3. Supporting information for Chapter 5..........ccccvveiviinininceee, 131

viii



Chapter I - Introduction

1.1 Soils and the global carbon cycle

Human induced increases in atmospheric CO2 concentrations are of growing concern
globally due to their impact on the climate with rising atmospheric concentration of carbon
dioxide (IPCC, 2019). Globally, atmospheric CO> levels which were 316 ppm in 1958 have
continually climbed at 3 ppm per annum increasing to a higher peak of 413 ppm in October
2020 then 409 ppm in October 2019 (NOAA, 2021). Cultivation and management of
agricultural soils globally, and the associated liberation of carbon as CO., have been cited
as significant factors contributing to this atmospheric CO> increase (IPCC, 2014; Lal,
2004b).

Globally soils have been estimated to contain approximately 1500 Gt of organic carbon to
1 m depth and represent the largest terrestrial organic carbon pool (Batjes, 1996; Jobbagy
and Jackson, 2000). Soil stores some 2-3 times more carbon than in the atmosphere (590 Pg
C) and terrestrial vegetation (350-550 Pg C) (Ciais et al., 2013). Soils worldwide have been,
and continue to be, intensively exploited, resulting in significant depletion of soil organic
matter (SOM). Since the industrial revolution around 1750, global carbon emissions due to
land use change and soil cultivation are estimated at 136 + 55 Pg C (Lal, 2004a). Depletion
of soil organic carbon (SOC) due to land use change from natural vegetation to agricultural
systems can decrease SOC by 60 to 75 % in temperate and tropical regions, respectively
(Lal, 2004b). SOC is known to play a key role in regulating a range of soil physical,
chemical, and biological processes, and is a key indicator of soil health and quality
(Franzluebbers, 2002).

It is widely acknowledged that soils that are degraded, or carbon depleted, offer the potential
to store significant additional carbon with judicious land management practices. There is,
therefore, a considerable potential for carbon depleted soils worldwide to store large
quantities of extra carbon (Lal, 2005; Whitmore et al., 2015). Knowledge of the carbon
storage potential of land-use systems offers the possibility to manage land for enhanced soil
carbon storage, improved soil quality, and increased productivity (Lal, 2004b). In addition,

knowledge of SOC change resulting from land use or land management changes offers the



potential for landowners to access an additional income stream through emerging carbon
markets (Perez et al., 2007).

Considerable research has been undertaken internationally relating to soil carbon storage
and management (Abson et al., 2014; Bell et al., 2011; Glenk and Colombo, 2011; Gregory
et al., 2016). Soil analysis has typically focused on the 0-30 cm soil layers (Bell et al.,
2011), but it is now known that as much as 50% of soil carbon can be stored below 30 cm
(Rumpel and Kdogel-Knabner, 2011). Analysis of carbon stored deeper in soils and an
understanding of the mechanisms by which it is protected from decomposition is a key
knowledge gap. There is also a need to examine factors affecting soil carbon storage at
depth under specific land uses to assess their capacity for soil C sequestration because land
use significantly influences soil carbon stocks (Ostle et al., 2009), even though soil carbon
is also unevenly spatially distributed naturally because of differences in soil formation
factors (climate, geology, organism, topography and time) (Jenny, 1941).

1.2 Land use change in the UK and Indonesia

The area of woodland in the UK is 3.16 million hectares, ~13 % of the land area (Sing et
al., 2018). This number has increased compared to 2005 (2.8 million ha) (Rounsevell and
Reay, 2009). UK land use is dominated by agriculture, which consists of about 75 % of the
total land area of the UK (24 million ha), where 37 % is used for grassland, 30% is rough
grazing and the rest ‘crops and bare fallow’ (Rath and Peel, 2005; Rounsevell and Reay,
2009). Grasslands can be broadly grouped into temporary (1.2 million ha), permanent (6.1
million ha) and rough-grazing (5.0 million ha) types (Qi et al., 2017). There is an
expectation that forest area in the UK will increase in the future because of declines in
agricultural area and the reforestation strategies embedded in rural development policy
(Rounsevell and Reay, 2009).

Meanwhile, significant deforestation already started in Indonesia more than a century ago
to extract timber and to grow rubber, but during the last few decades, mainly due to the
rapid increase in the global demand for vegetable oil, the area planted with oil palm has
continued to grow (Bou et al., 2018). In Jambi Province, Sumatera, Indonesia, since the

mid-1990s, a significant area of highland forest has been turned into Cinnamon plantation


https://www.sciencedirect.com/topics/social-sciences/deforestation

(Wibowo, 1999). Deforestation remains the main problem in Indonesia, where recent data
count more than 800 hectares forest cleared every year for agricultural use and urban

expansion (Tolle, 2020).

1.3 General Aim and objectives

This thesis aims to quantify, compare, and mechanistically explain carbon storage in the top
1 m of soil under different land uses. In this study, woodland, grassland, and arable sites
were sampled in the UK (chapter 3 and 4), and three chronosequences from natural forest

to established cinnamon plantations were sampled in Indonesia (chapter 5).
The objectives of this thesis are:

a. To characterise soil carbon under a range of current land uses in the UK and Indonesia
down the soil profile to 1 m and identify preservation mechanisms.

b. Toinvestigate changes in the chemical recalcitrance and degree of decomposition of the
free Particulate Organic Matter (fPOM) fraction of SOC down the soil profile under
different land uses.

c. To investigate the impact of land use conversion from natural forest vegetation to

cinnamon plantation on soil carbon stocks in the top 1 m of the soil profile.

1.4 Outline of the thesis
Chapter 2 explores relevant supporting literature to establish a theoretical framework for
the study of subsoil organic carbon under different land uses and introduces recent

methodologies and approaches related to this research.

Chapter 3 presents results of soil organic carbon (SOC) concentration and other soil
properties to 1 m depth under three significant UK land uses (arable, grassland and
woodland). SOM physical fractionation was then conducted from selected layers of topsoil
(0-10 cm and 20-30 cm) and subsoil (50-60 cm and 90-100 cm). An ammonium oxalate
extraction was also undertaken to quantify the availability of amorphous Al, Fe and Mn
oxides in soil minerals and attribute subsoil carbon storage to chemical sorption
mechanisms. This chapter's results provided a better understanding of the dynamics of

subsoil organic carbon and its stabilisation mechanisms.



Chapter 4 reports the results of FTIR and *3C analysis of the fPOM fraction of selected soil
samples from the topsoil (0-10 cm and 20-30 cm) and subsoil (50-60 cm and 90-100 cm)
layers described in Chapter 3 to investigate the recalcitrance and the degree of

decomposition of fPOM down the soil profile under different land uses.

Chapter 5 shows the result of a forest conversion into cinnamon plantation in Kerinci
Regency, Sumatera, Indonesia. SOC stocks were quantified down to 1 m depth under natural
forest vegetation and different cinnamon plantation ages (1, 5 and 10 years after
conversion). As in Chapter 4, the recalcitrance, and the degree of decomposition of fPOM
from selected topsoil (0-10 cm and 20-30 cm) and subsoil (50-60 cm and 90-100 cm) layers

were investigated to understand how land use change influences SOC dynamics.

Chapter 6 discusses the key findings of the research undertaken in the thesis in the context

of recent literature and makes general conclusions.

1.5 Specific hypothesis addressed in each individual chapter.

Chapter 3: SOC concentration in topsoil is dominated by free particulate OM fractions
while subsoil is higher in mineral associated OM related to the influence of mineral

sorption as a preservation mechanism.

Chapter 4: The free particulate organic matter (fPOM) in subsoil is more decomposed and

more chemically recalcitrant than the topsoil fPOM fraction.

Chapter 5: Soil organic carbon stocks deplete after forest conversion and this continues as
the cinnamon plantation get older while the fPOM fraction under forest has a higher

degree of decomposition than all ages of cinnamon plantation.



Chapter Il-Literature Review

2.1 The soil carbon cycle

Soil organic carbon plays an important role in the soil system and its decline has been a
contributing factor to increasing atmospheric CO2 concenrations. Soil organic carbon is the
second largest net source of carbon release to atmosphere after fossil fuel burning (Ciais et
al., 2013). The cumulative historic C loss from land use change between 1750 and 2015 has
been estimated at 190 + 65 Pg C (soil+vegetation) compared with 410 £+ 20 Pg C that from
fossil fuel combustion (Le Quéré et al., 2016). The main pools of actively cycling carbon
are the (i) atmosphere, (ii) biota (mostly vegetation), (iii) soil, and (iv) ocean (Janzen, 2004;
Lal, 2004a). All these pools are inter-connected and carbon circulates between them (Lal,
2018) (Figure 1).

nropoc
e e

Figure 1. A conceptual diagram of the contemporary global soil carbon cycle
identifying the main pools and fluxes. Data within arrows indicate fluxes (Pg Clyear),
those within circles indicate the magnitude of stock, and the data in circles with + sign
indicate the annual rate of change of the stock. Within the circle-labelled Anthropocene,
EFF is emissions by fossil fuel and ELUC is the emissions by land use conversion.
Atmospheric stock is computed on the basis of 406.29 ppmv of CO2 on 26 November 2017
(0.040629% by volume) and 0.06122% by mass of atmosphere is 5.148 x 1021 g, containing
3,177 Pg CO2 or 867 Pg C (Lal, 2017).



Soil organic carbon (SOC), which is generally part of complex compounds in soil organic
matter (SOM), plays important roles in soils regulating (i) soil water-holding capacity, (ii)
soil structure, (iii) nutrient supply, and (iv) microbial activity (McLauchlan, 2006;
Trumbore, 1997). Thus, changes in SOM will have important impacts, particularly on plant
productivity (Lal, 2005; Trumbore, 1997).

2.2 How does carbon enter soils?
2.2.1 Photosynthesis

Photosynthesis is the main way in which carbon enters soil. It takes carbon directly from
the atmosphere in the form of CO> and, together with solar radiation and water, generates
organic products (such as glucose) and oxygen (Horwath, 2015). Photosynthesis converts
approximately 110 Pg of CO»-C into organic compounds annually (Houghton, 2007). The
overall biochemistry of photosynthesis for the formation of one glucose molecule from six

CO2 molecules may be written as:
6 CO2 + 2H.0 + 18 ATP + 12 NADPH > CsH10s + 18 ADP + 18 P + 12 NADP* + 12 H* +6 0

Photosynthesis can happen in green plants, algae, cyanobacteria and photosynthetic bacteria
where the sunlight is converted into chemical energy (Horwath, 2015; Ke, 2000). The global
rate of C fixation through photosynthesis is 120 Pg C/yr (Schlesinger, 1995). Therefore,
photosynthesis is the ultimate source of organic matter in soils by plants producing leaf

litter, roots, and root exudates (Trumbore, 1997).

2.2.1.1 Photoautotrophic soil microorganisms

Although carbon predominantly enters the soil profile through photosynthesis reaction by
plants, autotrophic soil bacteria also provide a small contribution to soil carbon input (Tate,
1987). Moreover, a laboratory experiment conducted by Schmidt, Dyckmans, & Schrader
(2016) showed that carbon fixed by photoautotrophic soil microorganisms (Cyanobacteria;
coccal cells; Bacillariophyta; Chlorophyta; Euglenophyta) contributed up to 3.0 and 17.0%
of the carbon found in endogenic earthworms (Allolobophora chlorotica) and hemiedaphic

springtails (Ceratophysella denticulate), respectively.



2.2.2 Root Exudates

Root exudates are secreted by active roots during plant growth, and they have multiple
effects in the plant-soil system (Gregory, 2006a). Root exudation enhances the soil C pool
in the rhizosphere and is used as an energy source for microbial activity (Shahzad et al.,

2015). However, it also represents a loss of C by the plant (Nguyen, 2003).

Root exudates are a complex mixture, including inorganic ions H*, OH", HCOs", organic
anions (e.g. citrate, malate and oxalate) and as well as organic compounds, such as sugars
and polysaccharides, acids (amino acids, organic acids and fatty acids), sterols, growth
factors, enzymes,and flavonoids (Gregory, 2006b).

Root exudates play important rule in plant growth, especially in rhizosphere. For example,
on average, 17% of C taken from all plant photosynthesis is released through root activity
(including root exudates) (Nguyen, 2003). Another study demonstrated that nearly 5% to
21% of all photosynthetically fixed carbon is transferred to the rhizosphere through root
exudates (Walker et al., 2003). In the case of rice and maize, a study conducted by He et al.
(2015) shows that root exudates are rapidly mineralized in soil by microbial activity. Rates
of SOM decomposition may increase dramatically (up to 5-fold) in response to root exudates
(Stockmann et al., 2013).

2.2.3 Shoot and Root Litter

Plant residues can be from both aboveground biomass (e.g. shoots) and belowground
biomass (e.g. roots) (Kogel-Knabner, 2002). Residues of various crops (e.g. maize,
sorghum, wheat) are considered a by-product without much value and an impediment (e.g.
as a host of plant pathogens) to future production (Bailey and Lazarovits, 2003;
Franzluebbers, 2004).

Crop residue quantity and quality (in terms of lignin, hemi-cellulose, and cellulose
composition) could vary for each plant, but these are determining characteristics of the
response of litter decomposition (Ghidey and Alberts, 1993; Redin et al., 2014). Crop
residues, particularly from legume crops, with a low C/N ratio (i.e. below 24:1) can result
in net N mineralization, whereas cereal residues with a high C/N ratio (i.e. above 24:1) can

temporarily immobilize N during the decomposition process (Turmel et al., 2014).
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Therefore, returning crop residues back into the soil benefits soil quality (Aggarwal et al.,
1997).

Historically, residue from the plant root system has attracted less attention than the
aboveground residues, probably because the plant root system, as sub-surface residue, is
often difficult to quantify. However, it can be used to sequester carbon and redistribute it
through the soil profile (Reicosky, 1994). A study of winter crops has showed that root
residues decompose faster than shoots (Tahir et al., 2016), and are thus an important part of
the soil food web in arable soils (Scheunemann et al., 2015). However, another study found
that, in forest soil, root litter was more recalcitrant than leaf litter which was responsible for
its slower mass loss rate and N release during root decomposition (Fujii and Takeda, 2010).
Freschet et al. (2013) also found that root litter had slower decay rate compared to leaves
and that roots it contribute more than 30% of annual litter input in grasslands and almost
50% in forest soils.

2.2.4 Organic Fertilizer and Manure

One of the strategies to improve SOM is the use of various types of organic amendments,
with the purpose of increasing C and nutrient inputs into soils (Magdoff and Weil, 2004).
Amending soil with composted organic waste is often an effective means of increasing SOC

and nutrients (Seiter and Horwarth, 2004) and improving soil quality.

Application of animal manures is often presumed to result in higher increases in SOM than
compost because it consists of relatively recalcitrant compounds, the most easily oxidized
compounds in the original plant tissue having already been broken down by the animal’s
digestive system before excretion of the manure (Magdoff and Weil, 2004; Seiter and
Horwarth, 2004). However, recent revelations have challenged this view of SOM formation
(Lehmann and Kleber, 2015).

Organic mulches made from plant material are decomposed and become a part of the soil.
This decomposition adds organic matter to soil and helps to improve the water and nutrient
retention capacity of the soil and promotes the growth of healthier plants (Pramanik et al.,
2015).



2.2.5 Cover crops

Cover crops are beneficially used in agricultural systems to retain nutrients, increase SOM,
and protect soil from erosion (Lal, 2004a). Green manures are a promising way to sequester
more carbon in agricultural soil that neither reduces crop yield nor results in carbon losses
like other organic manure applications (Poeplau and Don, 2015). Adopting conservation
tillage for SOC sequestration is greatly enhanced by growing cover crops in the rotation
cycle and then incorporating them as green manure, before planting the cash crop (Lal,
2004a; Lu et al., 2000). Ensinas et al. (2016) found that, under a no till system, the
particulate organic carbon and labile carbon fractions were the SOM fractions that increased
within the top 20 cm depth of soil due to the cover crops. A review carried out by Poeplau
and Don (2015) stated that the cover crop adoption significantly increased SOC stocks
compared to the reference croplands with an estimated potential global SOC sequestration
of 0.12+0.03 Pg C yrt.

2.3 How does carbon leave soils?
2.3.1 Respiration

Soil respiration is the process by which carbon is released from the soil. About half of
photosynthesized C is lost back into the atmosphere due to respiration by photoautotrophs
and heterotrophs (Horwath, 2015). Soil respiratory flux involves the respiration activity of
various living organisms in soil such as plant roots, mycorrhizae, and other soil organisms
(Boddy et al., 2007; Pregitzer, 2003). The global rate of soil respiration is predicted at
approximately 75 Pg C/yr (Schlesinger and Andrews, 2000).

According to Chapin et al (2006), the sum of respiration (CO> production) by all living parts
of primary producers per unit ground or water area and time is called autotrophic respiration
and the respiration of heterotrophic organisms (animals and microbes), summed per unit
ground or water area and time, is defined as heterotrophic respiration. Ecosystem respiration

is the respiration of all organisms summed per unit ground or water area and time.

Rates of soil respiration depend upon: (i) temperature, (ii) moisture, (iii) nitrogen
availability, (iv) amount and availability of organic substrates, (v) root biomass, and (vi)

biomass of mycorrhizae, which, together, control the specific rate of respiration per unit



time (Pregitzer, 2003). Greater soil temperature will exacerbate the rate of SOM
mineralization, leading to a decrease in the SOC pool (Kirschbaum, 1995; Lal, 2004a). A
decrease in soil water content affects the diffusion of nutrients in the soil pore space and
retards microorganism activity (Yuste et al., 2007). Nitrogen availability, commonly stated
as C/N ratio, is an important indicator in C mineralisation (e.g. as energy for microbial
growth and proliferation). Hence, N availability often becomes the limiting factor in C
mineralisation because the C/N ratio of the decomposing substrate normally narrows

progressively with C mineralisation (Wang et al., 2004).

2.3.2 Soil Erosion and Sedimentation

Soil erosion is a process which leads to a loss of organic matter from soils through increased
decomposition rates and export of organic matter from field (Doetterl et al., 2016) and
erosion-induced soil degradation can impact the global C cycle (Lal, 2017). Olson et al.
(2012) reported that soil erosion and transport of C-rich sediments causes release of SOC to
streams and to the atmosphere. Soil erosion by water and wind causes a preferential removal
of SOC, preferentially removing the light organic fraction with a low density of < 1.8 Mg/m?®
that is concentrated in vicinity of the soil surface (Lal, 2003). The kinetic energy of the
agents of erosion (i.e., raindrop, flowing water, blowing wind, gravity) can disrupt
aggregates and expose the physically protected (encapsulated) SOC to microbial processes
(Lal, 2017). Lal (2003) estimated global C emission by water erosion at 1.1 Pg C yr™.

2.3.3 Harvest

Removal of biomass through harvesting reduces C input to the soil (McLauchlan, 2006).
Harvesting activity also has an impact on plant photosynthesis rate. This activity causes a
further decrease of carbon input to soil. Clear cut harvesting in Canadian forests, changes
former forest net CO> sinks into net sources due to significantly reduced CO2 uptake through
photosynthesis (Paul-Limoges et al., 2015). In arable land, tuber crop harvesting is usually
followed by soil loss through erosion that leads to soil nutrients loss, including soil organic
carbon (Yu et al., 2016). Carbon loss due to leaching or erosion may be important when

considering C balance in soils on long time scales (Trumbore, 1997).
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2.4 Differences in the soil carbon cycle under different land uses
2.4.1 Arable

According to FAO (2011), arable land is defined as the part of agricultural land that is
temporarily used for agricultural crops, meadows for mowing or pasture, market or kitchen
garden and fallow land. Although, in United Kingdom, meadow and pasture are considered

to be classified separately as grasslands (Green, 1990).

Sources of organic carbon from arable land could be mainly from (i) crop residues, (ii)
organic manures, (iii) root exudates, and (iv) cover crops. Due to the adoption of
recommended management practices (e.g., mulch farming, reduced tillage, integrated
nutrient management, integrated pest management, and precision farming) SOC can
accumulate in soils because tillage-induced soil disturbances are eliminated, erosion losses
are minimized, and large quantities of root and above-ground biomass are returned to the
soil (Lal, 2004a).

2.4.2 Grassland

Grasslands can be defined as an area dominantly covered by grass with little or even no tree
cover (Reynolds, 2005). In more detail, UNESCO defines grassland as “land covered with
herbaceous plants with less than 10 percent tree and shrub cover” and wooded grassland as
10-40 percent tree and shrub cover (White, 1983). In the United Kingdom, grasslands are
mainly categorized into temporary (1.2 million ha), permanent (6.1 million ha) and rough-
grazing (5.0 million ha) types, and they occupy over two thirds of agricultural land area (Qi
etal., 2018).

The main sources of OM input into grassland soils are: (i) senescent plant leaves which are
not consumed by animals; (ii) plant leaves which escape harvesting; (iii) plant roots and
root exudates; (iv) dung and urine of grazing animals; and (v) black carbon in fire affected
grasslands (Rumpel, 2011).

In grassland soils a significant carbon source comes from the turnover of root mass and root
exudates in the rhizosphere. A study conducted by Boddy et al (2007) in temperate
grasslands has shown that root exudate-derived sugars and amino acids, are cycled
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extremely rapidly by the soil microbial community. This is also the way that the plant
stimulates mineralization of the soil organic matter to improve their own nutrient supply
(Shahzad et al., 2015).

2.4.2.1 Grazing and manure production

Almost all areas of uncultivated grasslands, globally, are grazed by large mammals
(Mcsherry and Ritchie, 2013), while grasslands in the UK also provide forage by cutting
grassland for silage or hay (Qi et al., 2017). One of main benefits of grazing is deposition
of animal dung and urine through excretion, returning carbon and nutrients back to soil
(Rumpel, 2011). For instance, grazing intensity of 700 cow days/ha/year will result an
approximately of 6.4% of the grazed area covered by dung patches, which equivalent to
~22.5 t C/ha (Bol et al., 2000). Dung is an important source of labile C as additional
substrate for microbial growth and metabolism which may increase soil microbial biomass
(Bardgett et al., 1998; Lovell and Jarvis, 1996). Although, It is only deposited in the upper
layers of the soil profile (1-5 cm depth) and contributes about 10% of C in grassland
ecosystems (Bol et al., 2000), it also can be transported further down the soil profile; i.e. in

the form of dissolved organic carbon (Kaiser and Kalbitz, 2012).

2.4.3 Woodland

In woodland or forest systems, there are three main process of organic matter input to the
forest soil; through root exudates and root death, forest litter and also deadwood (Pan et al.,
2011; Tate, 1987). Soil organic matter inputs to the forest ecosystem happens both
continuously and episodically, resulting in an estimated average annual change in the C
stock of established forests of 2.41 + 0.42 Pg C year for 1990 to 2007 (Pan et al., 2011).
The continuous addition of organic material maintains an endemic decomposer population,
but these populations fluctuate rather widely with the episodic addition of large amounts of
organic material that occur in most forest soil (Fisher, 1995).

Furthermore, the consequences of increasing in atmospheric CO2 and global temperatures

may also affect soil carbon inputs in woodland soils due to altered photosynthetic rates (Ontl
and Schulte, 2012). A field study by Drake et al. (1997) showed that plants growing in
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elevated CO- concentrations fix more carbon through photosynthesis, producing greater

biomass, particularly in wood and roots.

Fresh litter from forest plants, mostly originating from leaf litter fall and deadwood (Tate,
1987), contributes large quantities of OM that is decomposed and serves as source of carbon
for microflora and fauna (Fisher and Binkley, 2000). The forest floor influences soil
properties and changes the microenvironment, leading to alterations in litter decomposition

rates and C cycling process (Wang et al., 2021).

2.5 What controls carbon storage in soils?
2.5.1 The nature of soil organic carbon

The soil C pool comprises two components: soil inorganic carbon (SIC) and the soil organic
carbon (SOC) pool (Archer, 2010). According to Schumacher (2002), inorganic carbon
forms are derived from geologic or soil parent material sources, such as carbonates
(e.9.,CaCO3 and [CaMg(CO,),]) and organic carbon forms are derived from the

decomposition of plants and animals which is commonly known as organic matter.

Plant input plays a main role in SOM decomposition and SOM formation. Soil OM consists
of partially decayed plant residues, soil microorganisms, soil fauna, and the microbial
products of decomposition (Cotrufo et al., 2013; Horwath, 2015). Litzow et al. (2006)
differentiate between the primary recalcitrance of plant litter and rhizodeposits as a function
of their indigenous molecular characteristics, and the secondary recalcitrance of microbial
products, recalcitrance of humic polymers, and recalcitrance due to production of charred

materials.

The recalcitrance of organic matter (OM) has been long accepted as the important factor
mediating OM stabilization in the soil (Dungait et al., 2012; Kleber, 2010; Marschner et al.,
2008). In general, slow decomposition is observed for plant tissues with higher lignin,
polyphenol and wax contents, higher lignin : N and C : N ratios (Kleber, 2010), and more
aromatic compounds (Lorenz et al., 2007; Marschner et al., 2008). SOM stabilization was
also considered to be enhanced through polymerisation via abiotic or biotic syntheses of

original monomers into more complex polymeric molecules (Lorenz et al., 2007). However,
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contemporary developments have indicated that the chemcial recalcitrance of large
molecules, distinct from stabilisation processes like physical protection and chemical

sorption in the soil, does not play a major role in SOM.

The traditional view of SOM s that it consists of a complex mixture of (partially)
decomposed substances (i.e. organic molecules such as polysaccharides, lignin, aliphatic
biopolymers, tannins, lipids, proteins and amino sugars) derived from plant litter as well as
faunal and microbial biomass (Janzen, 2006; Stockmann et al., 2013). However, SOM can
also be divided according to biological stability (labile, stabile, refractory and inert),
decomposition rate (fast-active, slow-intermediate and very slow/passive/inert) and

turnover time (short, long, very long) (Stockmann et al., 2013) (Table 1).
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Table 1. Forms of soil organic C (Stockmann et al., 2013)

Forms

Composition

Pool category

Surface plant

residue

Buried plant

residue

Particulate
organic matter
(POM)

‘Humus’

Resistant

organic carbon
(ROC)

Plant material residing on the surface
of the soil, including leaf litter and
crop/pasture material

Plant material greater than 2 mm in

size residing within the soil

Semi-decomposed organic material
smaller than 2 mm and greater than 50

KM in size

Well decomposed organic material
smaller than 50 pum in size that is

associated with soil particles

Charcoal or charred materials that
results from the burning of organic
matter (resistant to biological

decomposition)

Fast (or labile) pool
Decomposition occurs at a
timescale of days to years

Fast (or labile) pool
Decomposition occurs at a

timescale of days to years

Fast (or labile) pool
Decomposition occurs at a
timescale of days to years

Slow (or stable) pool
Decomposition occurs at a

timescale of years to decades

Passive (or recalcitrant) pool
Decomposition occurs at a
timescale of decades to

thousands of years

2.5.2 Physical protection

Soils can protect organic matter from natural decay by forming soil aggregates, particularly

microaggregates. Aggregates physically protect SOM by (i) forming physical barriers

between microbes, enzymes and substrates; (ii) controlling food web interactions and

consequently microbial turnover; and (iii) restricting oxygen diffusion (Plaza et al., 2012;
Six et al., 2002, 2000).
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SOM protected by physical mechanisms due to aggregate formation can be divided into
unprotected C pool (located between aggregates), weakly protected C (occluded within
macroaggregates) and strongly protected C (occluded within microaggregates) (Plaza et al.,
2012).

Moreover, Baldock & Skjemstad (2000) reviewed the association of SOM with different
soil pore sizes (ranging in size from micropores <0.1 mm in diameter through to macro
pores >20 mm with an upper size limit on the order of centimetre) and highlighted that pore
size distribution plays important role as a site of SOM stabilization. The total amount of
pore space and the pore size distribution of the soil matrix controls the availability of water
and oxygen and affects the SOM accessibility by decomposer organisms. These soil

architectural properties exert a control over decomposition and mineralisation.

2.5.3 Chemical protection

The protection of SOM chemically due to sorption on clay particles and cations in soil such
as Ca (as Ca-containing minerals or exchangeable cation), Al or Fe (as amorphous Al and
Fe minerals) leads to accumulations of organic C (Krull et al., 2001). Soil minerals (e.g. Al
and Fe minerals) are a key regulator in protecting C by forming short range order (SRO)
mineral phases which act as ‘nuclei’ for C retention (Yu et al., 2017) due to their high
reactive surface areas and capacity for soil C stabilization through sorption or co-
precipitation (Coward et al., 2017). Leaching of DOC from subsoils is controlled by
retention in B horizons, particularly bound to iron and aluminium (hydr)oxides (Kindler et
al., 2011), which are considered to be the most important sorbents for dissolved organic

matter in soils (Kaiser et al., 1996).

In soil texture fractions, clay and silt particles play a more important role in protecting C
than coarse particles. This is because clay and silt particles have a larger specific surface
area to which OM may be adsorbed than other larger soil particles (i.e. sand), but this
process depends on pH (Baldock and Skjemstad, 2000). Thus, the capacity of soil to
preserve C can be broadly estimated from the percentage of clay and silt content (Hassink,
1997; Hassink et al., 1997).
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2.6 Soil organic carbon at depth
2.6.1 How much carbon is stored in the subsoil, compared to the topsoil?

Topsoil (0-30 cm) has been preferentially studied for a long time in soil carbon research
because it contains the highest concentration of soil organic matter (Minasny et al., 2017).
However, it has been revealed that subsoil (> 30 cm) also stores a significant amount of
SOC; more than 50% of the SOC in an average soil profile (Batjes, 1996; Jobbagy and
Jackson, 2000).

Using global soil profile data, Batjes (1996) estimated the global SOC content in the upper
30 cm is 684 — 724 Pg C and in the upper 100 cm is 1462 — 1548 Pg C. Another recent
estimation stated that SOC in the first meter depth globally is 1502 Pg C (Jobbagy and
Jackson, 2000). Furthermore, quantifying the vertical distribution of SOC in the whole soil
profile revealed that about 41 — 46 % of the proportion of SOC in the first metre is stored in
the topsoil and more than half is located in subsoil (Batjes, 1996; Jobbagy and Jackson,
2000).

SOC density at 20 cm depth (relative to 1 m depth) is also affected by land use type. On a
global scale, as reported by Jobbagy & Jackson (2000), in the order from largest to smallest
proportion of SOC stored in the topsoil is forests (50%), grasslands (42%), croplands (41%)
and shrublands (33%). This report is similar to the study by Wang et al. (2004) that reveals
forests (54%) have the highest proportion of SOC stored in the topsoil, followed by
shrublands (46%), grasslands (39%), and croplands (37%).

2.6.2 Primary inputs of carbon to the subsoil and the topsoil

The heavy fraction of SOC is the dominant fraction located in the subsoil, naturally bound
on mineral and clay surfaces, which may resulted from dissolved organic carbon (DOC)
percolation of soil solution (Schrumpf et al., 2013) and microbial products in subsoil
horizons (Schmidt et al., 2011).

Root litter input is main source of carbon in deeper soil (Rasse et al., 2005), which is
possibly more recalcitrant, chemically, than topsoil litter due to higher amounts of

chemically recalcitrant compounds (e.g. lignin, tannin, suberin) (Lorenz and Lal, 2005).
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Rumpel et al. (2002) also reported that the carbon stored in forest deep soil layers mainly
originates from root contributions (alkyl carbon) and soil forming process (carboxylic

carbon as result of carbon leaching).

2.6.3 Are the mechanisms whereby subsoil carbon becomes/remains stable different
to the mechanisms whereby topsoil carbon becomes/remains stable?

Both physical and chemical protection of SOC occurs both in topsoil and subsoil layers, but
the differences may concern which mechanism is more dominant (Rumpel and Kdgel-
Knabner, 2011; Six et al., 2002). Physical preservation via soil aggregation is reported to be
the main process and the most important mechanism that preserves SOC in topsoil layers
(Six etal., 2004). In contrast, SOC in the subsoil is reported to be mainly preserved through
the chemical sorption mechanism (Rumpel and Kogel-Knabner, 2011). A study by (Torres-
Sallan et al., 2017) revealed that the stable SOC pool stored in micro aggregate and clay
plus silt fractions comprised 16% in topsoil and 42% in subsoil, indicating a greater

proportion of non-stable SOC in topsoil.

Conversely, Schrumpf et al. (2013) indicated that, generally, based on density fractionation,
there is no differences in SOC fractions in topsoil and subsoil layers. Both layers were found
to contain fractions in the form of free light, occluded in aggregate, and heavy SOC
fractions. However, those fractions were found to have differences in quantity according to
the litter source (above or belowground biomass) and decomposition process in soil
(microbial activity, mineral binding) (Schrumpf et al., 2013).

Carbon protection in subsoil is attributed to SOC association with clay and mineral surfaces
(Schrumpf et al., 2013; Torres-Sallan et al., 2017). Furthermore, in acid subsoil, poorly
crystalline mineral (Al and Fe fraction) play significant role (78%) in protecting stable
organic C (Kleber et al., 2005) while Amundson et al. (2007) reported that the largest
proportion (83%) of organic matter in the subsoil horizon of volcanic soil was associated
with minerals in organomineral complexes. However, the chemical composition of SOM in
subsoils depends on soil type and is mainly affected by pedogeneses processes (Rumpel and
Kdgel-Knabner, 2011).
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2.6.4 How does the mechanism by which carbon is protected from decomposition

down the soil profile vary with land use?

Land use plays a key role in determining the source of organic matter to soils, due to the
nature of the aboveground and belowground biomass supplied to soil (Jobbagy and Jackson,
2000; Schrumpf et al., 2013). A study looking at soil carbon storage found differences in C
stocks down the soil profile to 1 m, whereby the sequence from largest to smallest stocks in
topsoil are stored in forest, grassland and cropland soils whereas the order from highest to
lowest in subsoil are grassland, cropland and forest (Dorji et al., 2014; Jobbagy and Jackson,
2000; S. Wang et al., 2004).

Transport of soil organic matter to deep soil layers is also affected by land use. Kindler et
al. (2011) stated that SOC moves down the soil profile in dissolved and colloid-associated
forms, processes that are more prevalent under grasslands than arable land. Another
important aspect that determines soil carbon at deep soil horizons is the plant root
contribution (Rumpel and Kdgel-Knabner, 2011). Plant roots can penetrate through soil
profiles and excrete root exudates and shed root litter into the soil (Jobbagy and Jackson,
2000). For instance, the light fraction distribution in a soil profile has strong relationship
with root depth of vegetation (Schrumpf et al., 2013) because the root biomass is a main
source of SOM; mainly from root litter and exudation (Rumpel and Kogel-Knabner, 2011).
Therefore, land use changes which result in changes to the rooting systems of vegetation
will affect the depth distribution of light fraction SOC (Schrumpf et al., 2013).

Furthermore, soil disturbance caused by land cover change (primarily from natural
condition to cropland) is another important factor that results in SOC depletion (Lal, 2015;
Saha et al., 2012). Regular plowing or harvest is the main reason for significant SOC loss
and low cropland SOC stocks (Don et al., 2011; Olson et al., 2012). In addition, in areas
with a high slope gradient, soil disturbance can cause erosion due to activities such as
cultivation, drainage, road construction, and harvesting (Sing et al., 2018). The soil erosion
transports C-rich sediment containing DOC or POC and deposits them at lower landscape
positions, with SOC being liberated to rivers or to the air (Lal, 2003; Olson et al., 2012).
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Chapter I11-The chemical and physical stability of soil organic carbon in
the top 1 m of the soil profile under different land uses in England

Abstract

Soils are the largest terrestrial pool of organic carbon and it is known that up to 50% of soil
organic carbon (SOC) is stored below 30 cm. Therefore, knowledge of the mechanisms by
which SOC is stored in subsoils is critical to developing strategies to mitigate climate
change. This study characterised SOC under different land uses in England to determine the
mechanisms by which topsoil and subsoil SOC is protected. Samples were collected from a
silty-clay loam under three different land uses: arable, grassland and deciduous woodland,
and analysed for SOC, pH, C/N ratio, and texture down the top metre of the soil profile. Soil
organic matter (SOM) physical fractionation and ammonium oxalate extractable Al, Fe, and
Mn were also analysed to elucidate SOM protection mechanisms. Results showed that soil
texture was similar between land uses. SOC, N, and C/N ratio decreased down the soil
profile and were affected by land use in the order woodland > grassland > arable. SOM
fractionation revealed that the mineral-free particulate organic matter (fPOM) fraction was
significantly greater in both the topsoil and subsoil under woodland than under grassland or
arable. The mineral associated organic carbon (MinOC) fraction was proportionally greater
in the subsoil compared to topsoil under all land uses; with arable > grassland > woodland.
These findings indicate that land use affects the extent to which SOC is protected, with
woodlands showing a higher proportion of carbon that has less protection from
decomposition. Subsoil SOC is protected from decomposition by organo-mineral
interactions with amorphous Al, Fe and Mn, and may be susceptible to future pH shifts as a
result of land use change. This study highlights the need to consider the impact of land use
change on SOC, given policy and public interest in woodland planting for climate change

mitigation.
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3.1 Introduction

Increasing concentrations of atmospheric CO> are currently causing global concern due to
their propensity to change our climate (Smith et al., 2016). Soils contain approximately 1500
Gt of organic carbon to a depth of 1 m globally and represent the largest terrestrial pool of
organic carbon (Batjes, 1996; Jobbagy and Jackson, 2000). Cultivation and management of
agricultural soils, and the associated liberation of organic carbon as CO., have been cited as
major factors contributing to this atmospheric CO- increase (Lal, 2018). Recent policy
initiatives (e.g. 4 per 1000) have placed a strong focus on the capacity of soils to sequester
carbon and mitigate climate change (Minasny et al., 2017). Changes in land use, particularly
conversion of agricultural land, both pasture and arable, to woodland have been
recommended as a climate change mitigation strategy to capture and store atmospheric
carbon on land (Committee on Climate Change, 2018; IPCC, 2019).

Soil science has undergone a revolution in our understanding of the mechanisms by which
organic matter becomes stable soil organic matter (SOM) in soils. Soil carbon models (e.g.
RothC, CENTURY, DNDC) that are currently used in global biogeochemical simulations
base their processes upon the assumption that stable SOM results from the chemical
recalcitrance of biopolymers which have a very high mean residence time in soils (Dungait
et al., 2012). However, the evidence for the persistence of recalcitrant biopolymers in soils
is weak (Lehmann and Kleber, 2015). A new understanding is now developing (Schmidt et
al., 2011) that proposes microbial products are the precursors of stable SOM (Cotrufo et al.,
2013) and that the primary means by which SOM is stabilised (Schmidt et al., 2011) is due
to physical protection through aggregate formation (Six et al., 2000), chemical protection
due to sorption on soil surfaces (Kaiser and Guggenberger, 2000), or a combination of both

(Hernandez-Soriano et al., 2018).

While observations of decreasing C/N ratio down soil profiles has previously been
interpreted as the presence of SOM that has undergone greater microbial processing with
increasing soil depth, there is new evidence to suggest that this is actually due to soil
mineralogy changing with depth in soils (Kramer et al., 2017). Although there is a well-
established relationship between the particle size of soils and the capacity to store soil
organic matter (Angst et al., 2018b; Dexter et al., 2008), organo-mineral interactions on soil

surfaces of Fe-bearing minerals are also known to play a particularly important role in
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chemically protecting organic carbon from decomposition (Coward et al., 2018; Torn et al.,
1997), especially short-range-ordered minerals that act as ‘nuclei’ for carbon retention in
soils (Yu et al., 2017).

Global surveys have typically focused on the 0-30 cm topsoil layer (Bell et al., 2011), but it
Is now known that as much as 50% of soil carbon is stored below 30 cm (Lal, 2018; Rumpel
and Kogel-Knabner, 2011). This is because the volume of subsoil is far greater than the
topsoil, even though the concentration of organic carbon in the subsoil is lower than topsoil.
Many of the recent insights regarding the stability of organic carbon in soils described above
have been inferred due to measurements made on topsoil, and it is not known to what extent
these mechanisms underpin the stability of SOM in subsoils. Therefore, knowledge
concerning the factors responsible for the stability of organic carbon stored in deeper soils

is a key knowledge gap.

The literature contains conflicting reports with respect to the stability of SOM in subsoils
and the extent to which it is microbially processed and physically or chemically protected
from decomposition (Rumpel and Kdgel-Knabner, 2011). Some papers indicate that subsoil
SOM is more stable than in the topsoil due to a strong interaction with clay mineral phases
and protection in microaggregates (Torres-Sallan et al., 2017), whereas other papers indicate
that deep SOM can be easily primed by fresh organic carbon (Fontaine et al., 2007) supplied
by earthworm mucus (Hoang et al., 2017) or plant root exudates (Shahzad et al., 2018).

The conversion of land from natural ecosystems to agricultural lands has resulted in the
global loss of 133 Pg of C from the soil, and it is widely acknowledged that these degraded,
carbon depleted lands offer the greatest potential to store significant additional quantities of
carbon by implementing restorative land management practices (Lal, 2018; Sanderman et
al., 2017). Thus, there is a need to examine the factors affecting soil carbon storage at depth
under different land uses to assess their capacity for further soil C sequestration and prevent

unintended priming and loss of soil carbon.

To address the knowledge gaps associated with whether the mechanisms that underpin our
recent advances in understanding topsoil SOM dynamics also underpin subsoil SOM
dynamics, this paper has three objectives: (i) characterise the organic carbon in soils under

woodland, grassland and arable vegetation in England, down the first 1m of the soil profile
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(i) determine the mechanisms of SOC protection in both topsoils and subsoils by employing
physical fractionation methods and chemical extractions (iii) evaluate how SOM
stabilisation mechanisms alter with depth and whether they are affected by land use. We
hypothesised a greater importance of chemical protection mechanisms and lower
importance of physical protection mechanisms in the subsoil, compared to the topsoil,
assuming that chemical recalcitrance of biopolymers provides only short term protection

from SOM decomposition.

3.2 Material and Methods
3.2.1 Soil Sampling

Soil samples were collected in August 2017 from three separate locations within the Loddon
Catchment, a tributary of River Thames in the UK (Figure 4.1). At each location soils were
collected from a deciduous woodland, a permanent grassland and a long term arable site.
All woodland sites were classified as ‘Broadleaved, mixed & yew woodland’ all grassland
sites were classified as ‘Improved grassland’ and all arable areas were classified as ‘Arable
and horticulture’ on the Centre for Ecology and Hydrology 2015 Land Cover Map (Rowland
et al., 2017). Sites were also on the same mudstone geology that is typical of flat low-lying
areas of the Thames Valley river terraces (Bloomfield et al., 2011). Two of the locations
were the University of Reading’s research farms; Sonning Farm and Hall Farm, and the
third was farm and woodlands owned by the The Vyne, National Trust. All soils had similar
silty-clay loam surface texture with clay enrichment in subsoils and are affected by
groundwater or waterlogging. Under the original Soil Survey of England and Wales
classification, Sonning Farm is an argillic brown earth that is typically freely drained by
sometimes affected by groundwater (soil series 0571w Hucklesbrook), Hall Farm has
argillic gley soils that are permeable soils affected by groundwater (soil series 0841b Hurst),
The Vyne has a typical stagnogley soils which are slowly permeable seasonally waterlogged
soils (soil series 0711h Wickham) (Cranfield University, 2021). The Soil Survey of England
and Wales classifications have been correlated and reclassified using the World Reference

Base, 2006 Tier 1 Version as a Luvisol, a Gleysol, and a Planosol, respectively.

Five soil samples were collected from every site using a gouge auger, adopting a stratified
random sampling strategy. Each core was sampled down to 1 m depth and divided into 10

cm segments. Samples were then bulked into one composite soil sample for each 10 cm
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depth per site. Therefore, every site yielded 10 composite soil samples (0-10 cm, 10-20 cm,
20-30 cm, 30-40 cm, 40-50 cm, 50-60 cm, 60-70 cm, 70-80 cm, 80-90 cm, and 90-100 cm).
With three different land uses (i.e. three sites per location) and three locations (Sonning
farm, Hall farm and The Vyne), 90 composite samples were collected overall from a total

of nine sites. Soils were air dried and sieved to <2 mm prior to analysis.
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Figure 3.1 Map of soil sampling sites within the Loddon catchment in the UK.

3.2.2 Laboratory methods
3.2.2.1 Soil Carbon and Nitrogen

Soil organic carbon (SOC) and nitrogen were analysed by dry combustion methods using a
Thermo Flash 2000 C/N analyzer. A subsample was ground to a fine powder using a ball
mill and 10 mg weighed into a tin cup before triplicate analysis. 21 replicates of an in-house
QC material that is traceable to GBW07412 (certified for N by State Bureau of Technical
Supervision, The People’s Republic of China) and AR-4016 (certified by Alpha Resources
Inc. with ISO 17025 accreditation) were run alongside samples with recoveries of 100% *

0.003 and 98.2% = 0.022 for N and C, respectively.

3.2.2.2 Soil Texture

The particle size distribution of soil samples was determined using a laser-diffraction

method with a Malvern Mastersizer 3000 laser granulometer. A subsample (= 5 mg) of 2
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mm sieved air-dried soil was put onto clean plastic disc and a few drops of a dispersing
agent (3.3% sodium hexametaphosphate + 0.7% sodium carbonate) were added to aid the
dispersion of particles, particularly clay minerals. Disaggregation of the sample was
achieved using a rubber pestle for up to 1 minute before analysis. Because the particle size
distribution obtained by laser-diffraction methods differ from those achieved using the
classic sieve pipette method, we used the following equations reported by Yang et al., (2015)

to convert our particle size distribution data from a volume % basis to a mass % basis:
Estimated Clayspm = 2.17 + 5.76 exp (0.10 Measured ClayLpm)

Estimated Sandspm = 6.83 + 0.81 Measured SandLpm

Estimated Siltspm = 100 — Estimated Clayspm — Estimated Sandspm

Where Clayspm, Sandspm, and Siltsem are clay, sand and silt content determined with sieve
the pipette method, respectively and ClayLpowm, and SandLpwm, are clay and sand content

determined with the laser-diffraction method, respectively.

3.2.2.3 Soil pH

Soil pH was determined using a pH electrode, calibrated using pH 4 and 7 buffer solutions.
10 g of 2 mm sieved air-dried soil was weighed into a 50 ml centrifuge tube and then shaken
with 25 ml ultrapure (>18.2 MQ.cm) water for 15 minutes before the measurement was

made in the soil suspension.

3.2.2.4 Soil Organic Matter fractionation

Sub-samples of soil at depths representative of topsoil (0-10cm and 20-30cm) and subsoil
(50-60 cm and 90-100 cm) underwent organic matter fraction using the method developed
by Plaza et al., (2012, 2013) to obtain the following four fractions; mineral-free particulate
OM (fPOM) located outside aggregates (i.e. not protected from decomposition by physical
or chemical mechanisms), intra macroaggregate organic matter (iMacro), intra micro-
aggregate organic matter (iMicro) and mineral-associated organic carbon (MinOC) that is

chemically protected from decomposition by adsorption to mineral surfaces.

Air-dried 2 mm sieved soil was mixed with 80 ml of 1.85g ml? density sodium
polystungstate (SPT) in a 250 ml centrifuge bottle. The mass of soil extracted was different
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for each sample but amounted to 2 mg soil organic carbon per sample, based on the prior
analysis of C described in section 3.2.2.1 and with the details of masses used in Appendix
1 (Table SI-1). Therefore, every tube contained the same ratio (2:80, w/v) of SOC to SPT.
This adaptation to the published method was made because subsoils contain much lower
SOC than topsoils.

The tubes were shaken for 30 seconds on an end-over-end shaker at 60 rpm and then
centrifuged at 2500 g for 30 min. The supernatant containing the fPOM was immediately
transferred after centrifugation into a 100 ml polypropylene bottle and filtered, using a
Buchner vacuum filtration apparatus through a pre-weighed glass fibre filter (GF/A
Whatman, UK) to obtain the fPOM. To obtain the iMacro fraction, the heavy fraction
containing macroaggregates remaining in the centrifuge tube were broken up by using a
micro aggregate isolator, as depicted by Six et al (2002). The heavy fraction in the centrifuge
tube was transferred to the top of a 250 um sieve by vortex mixing and rinsing with ultrapure
water, immersing in deionised water and shaking with 50 silica beads (4 mm diameter) at
150 strokes per minute on a reciprocating shaker under a continuous, steady deionised water
flow of about 0.2 L min™ to break up stable macroaggregates, following Six et al (2000,
2002). Microaggregates and other soil components < 250 um flushed through the sieve were
transferred to a beaker. Shaking was stopped after approximately 5 min, while ensuring that
the water below the 250 um sieve had run clear and all macro aggregates were broken. The
fraction flushed through the 250 um sieve and the fraction remaining over the sieve were
dried under a heat lamp in a fume cupboard. Both fractions were recombined and gently
transferred into a 200 mL polypropylene centrifuge tube together with the filtrate from the
first step (SPT solution). The tube was shaken for 30 seconds on an end-over-end shaker at
60 rpm and centrifuged at 25009 for 45 mins. The supernatant containing iMacro fraction
was obtained by pipetting and filtering, as described above. To obtain iMicro fraction, the
heavy fraction was re-suspended again in the SPT solution (collected from the previous
step) and microaggregates dispersed by sonication with an energy input of 1500 J per gram
of soil. Again, the tube was shaken for 30 seconds on an end-over-end shaker at 60 rpm and
centrifuged at 2500 g for 60 mins. After centrifugation, floating material, representing the
iMicro fraction was gently pipetted and filtered, as described above. Lastly, the MinOC
fraction was obtained by transferring the heavy fraction (containing MinOC) to a pre-
weighed petri dish and dried under a heat lamp in a fume cupboard prior to C and N analysis.
At each filtration step, all the pre-dried and pre-weighed GF papers were carefully removed

from the Buchner filtration apparatus and dried overnight at 70°C and then weighed, ball
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milled and analysed for C and N on a Thermo Flash 2000 C/N analyzer, is as described
above. All the dried fractions were also ball milled and analysed for C and N on a Thermo

Flash 2000 C/N analyzer, as described above.

3.2.2.5 Mineral availability analysis

The availability of amorphous Al, Fe and Mn oxide minerals in sub-samples of soil that
represent surface layer (0-10 cm and 20-30 cm) and subsoil layer (50-60 cm and 90-100
cm) of each land use were analysed using the ammonium oxalate extraction method reported
by Loeppert and Inskeep (1996). An ammonium oxalate solution was made by dissolving
49.74 g ammonium oxalate ((NH4)2 C204 -H20) and 25.22 g oxalic acid (H2C204) into 1 L
of ultrapure (>18.2 MQ.cm) water. Because the pH of the solution was 3.01, it was not
necessary to adjust to pH 3.0 by addition of dilute ammonia or hydrochloric acid solutions.
0.5 g of ball-milled soil samples were weighed into aluminium foil wrapped 50 ml
polypropylene centrifuge tubes, followed by the addition of 30 ml of the ammonium oxalate
solution. All samples were then placed on an end-over-end shaker for 2 hours in the dark.
Samples were then centrifuged at 3000 rpm for 15 mins and the supernatant carefully
decanted into another centrifuge tube. Supernatants were analysed using Inductively
Coupled Plasma — Optical Emission Spectroscopy (ICP-OES) for Fe, Al and Mn after a 100

times dilution.

3.2.3 Statistical Analysis

All statistical analyses were performed with Minitab version 18.0. A Mixed Effects Model
(MEM), applying Restricted maximum likelihood (REML) for variance estimation and the
Kenward-Roger degrees of freedom approximation. As random factor, farm location was
selected whereas land uses and soil depth were chosen as fixed effects. Then followed by a
least significant difference (LSD) test (p<0.05), was performed to compare effects of land
use and soil depth on the measured parameters. Pearson correlation were also conducted to
examine relationships between individual soil properties. The influence of land use, soil
depth and oxalate extractable Al, Fe, and Mn on mineral associated carbon (MinOC) in the
sub soil layers (50-60 cm and 90-100 cm) was also investigated using a Mixed Effects
Model, adopting Restricted maximum likelihood (REML) for variance estimation and the

Kenward-Roger degrees of freedom approximation. Farm location was selected as a random
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factor and soil depth, land use, and ammonium oxalate extractable Al, Fe and Mn were
selected as fixed effects.

3.3 Results
3.3.1 Differences in soil properties with depth under different land uses

Soil organic carbon decreased with soil depth under all three land uses and at all three
locations (Figure 3.2; Appendix 1, Figure SI-1) and was significantly (p<0.05) greater in
woodland (11.99+1.90 g/kg) and grassland (11.51+1.73 g/kg) soils than arable (8.35£1.03
g/kg) soils (Appendix 1, Table SI-2). Soil organic carbon was also significantly (p<0.05)
greater in 0-10 cm soils (29.60+3.40 g/kg) than 10-20 cm soils (19.68+1.53 g/kg) which
were, in turn, significantly (p<0.05) greater than 20-30 cm soils (14.49+0.97 g/kg). Topsoil
(0-30 cm) organic carbon was also significantly greater (p<0.05) than subsoil (30-100cm)
organic carbon content (Appendix 1,Table SI-3).

Similarly to carbon, organic nitrogen decreased down the soil profile (Figure 3.2) and
grassland soils (1.27+0.16 g/kg) had significantly (p<0.05) greater nitrogen concentrations
than woodland (1.08+0.14 g/kg) or arable (1.01+0.20 g/kg) soils (Appendix 1, Table SI-2).
Soil organic nitrogen at 0-10 cm (2.64+0.26 g/kg), 10-20 cm (1.89+0.16 g/kg) and 20-30
cm (1.53+0.12 g/kg) were all significantly (p<0.05) different from one another (decreasing
with depth) and topsoil (0-30 cm) had significantly greater concentrations of organic
nitrogen than subsoil (30-100 cm) (Appendix 1,Table SI-3).

C/N ratio significantly (p<0.05) decreased down the soil profile (Figure 3.2; Table SI-3)
and was significantly (p<0.05) different between different land uses in the order woodland
(10.46+0.36) > grassland (8.45+0.29) > arable (7.72+0.31) (Appendix 1,Table SI-2).

Statistical analysis revealed that neither the sand, silt, or clay content, nor the median
particle size diameter (Figure 3.2) were significantly different between different land uses
(p>0.05) (Appendix 1, Table SI-2). We can therefore attribute the differences observed
under the different land uses to the presence/absence of vegetation types and land
management systems and not differences in the soil texture. There were, however,

significant (p<0.05) differences in soil texture down the soil profile (Figure 3.2; Appendix
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1, Table SI-3; Figure SI-1). Overall, soil texture of all sampling sites is dominated by sand
(50-2000 pm) in the topsoil and silt (2-50 pm) in the subsoil, while the clay fraction is a
minor component and is similar in the topsoils and subsoils (Figure 3.2; Appendix 1, Table
SI-3).

Soil pH increased slightly down the soil profile under all land uses, albeit not significantly
(p>0.05) (Figure 3.2). The average pH, found to be significantly different between land uses
(p<0.05), was in the order, from lowest to highest; woodland (4.81+0.11) < arable
(6.09+0.20) < grassland (6.81+0.12) (Appendix 1, Table SI-2).

Mixed effect model analysis revealed that farm locations has no significant influence

(p>0.05) on all analysed soil properties (Table SI-5; Table SI-6).

3.3.2 Differences in soil organic matter physical fractionation with depth under

different land uses

Physical fractionation of soil organic matter in samples collected from three different land
uses, at three different locations revealed that free particulate organic matter (fPOM), intra
macro aggregate (iMacro) and intra micro aggregate (iMicro) fractions significantly
(p<0.05) decreased both in terms of concentration and relative proportion (except iMacro)
down the soil profile (Figure 3.3). Whereas the concentration of the mineral associated
organic carbon (MinOC) fraction significantly (p<0.05) decreased down the 1 m soil profile,
the relative proportion of the carbon that was within the MinOC fraction was significantly
(p<0.05) greater in deeper soil layers compared to other fractions (Figure 3.3). The two
topsoil layers (0-10 cm and 20-30 cm) had significantly (p<0.05) greater concentrations of
C in all SOM fractions than the two subsoil layers (50-60 cm and 90-100 cm) of the soil
profile (Appendix 1, Table SI-4).

Generally, the MinOC accounted for the greatest proportion of the total organic carbon
under all three (woodland, grassland and arable) land uses (Figure 3.3). Only fPOM
concentration was significantly (p<0.05) greater in woodland soils than grassland and arable
soils (Appendix 1, Table SI-4), with other fractions showing no significant (p>0.05)

difference. Woodland soils contained considerably greater concentrations of fPOM and
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iMacro associated C than arable and grassland soils, but grassland soils contained the
greatest concentrations of iMicro associated C.
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Figure 3.2 Total carbon (g kg?), total nitrogen (g kg*?), C:N ratio, soil pH (H20),
median particle size diameter (um), and soil texture (% clay, silt and sand) at 10 cm
depth increments to 1 m under Arable, Grassland, and Woodland land uses at Sonning
farm, Hall farm and The Vyne, where points represent mean values from all three
locations and error bars represent the standard errors of the mean using the three
locations as replicates.
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Figure 3.3 Soil organic carbon (C) concentration in g kg (left) and relative proportion as a % (right) in each physical fraction of selected

soil depths (0-10 cm, 20-30 cm, 50-60 cm and 90-100 cm) in arable, grassland, and woodland soils from three locations (Sonning Farm,

Hall Farm and The Vyne) , where bars represent mean values from all three locations.
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3.3.3 Relationship between soil mineral availability and mineral associated soil

organic carbon (MinOC) in subsoil

Ammonium oxalate extractable Fe and Mn was slightly lower in the two subsoil layers (50-
60 cm and 90-100 cm) than the two topsoil layers (0-10 cm and 20-30 cm), while ammonium
oxalate extractable Al was greater in the subsoil. Soil from the Vyne had significantly
(p<0.05) lower concentrations of ammonium oxalate extractable Fe and Mn down the soil
profile than soil from Sonning or Hall Farm (Appendix 1, Table SI-5). In subsoils, MinOC
was significantly (p<0.05) positively correlated with oxides of Fe and Mn, but not with Al
(Figure 3.4). Our random mixed effects model indicated that subsoil MinOC concentration
was significantly influenced by land use, soil depth (i.e. 50-60 cm or 90-100 cm) and
ammonium oxalate extractable Al, Fe, and Mn concentrations (Figure 3.4). More than 90%
of the variability in the MinOC concentration in the subsoil layers can be explained using
the random (farm location) and these fixed factors used to generate the model (Figure 3.4).
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Figure 3.4. Pearson correlations between subsoil mineral associated organic carbon
(MinOC) concentrations and ammonium oxalate extractable Aluminium (a), Iron (b)
and Manganese (c), alongside the results of a random mixed effects model (d) that
attributes variance in subsoil MinOC concentration to random (farm location) and
fixed (oxalate extractable Aluminium, Iron, and Manganese, land use, and soil depth)
effects, accompanied by a plot of the observed and modelled concentrations. N = 18.
AIC = Akaike's Information Criterion, BIC = Bayesian Information Criterion.
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3.4 Discussion
3.4.1 Contrasting soil properties under different land uses

We found significant differences in soil properties between arable, grassland and woodland
soils in terms of soil pH, C, N and C/N ratio. The sand fraction decreased down the soil
profile, whereas the silt fraction increased down the soil profile. This is an indication that
the texture of the soil is becoming finer down the soil profile and thus the soil surface area
upon which organic matter can adsorb is likely increasing down the profile. However,
neither sand, silt or clay content, nor median particle diameter were significantly different

between the three different land uses (Appendix 1, Table SI-2).

This finding indicates that the soils sampled from the three different land uses at each
location have a similar soil texture, as was intended when sampling soils from the same soil
type at each location. Therefore, comparisons made between arable, grassland and
woodland soils can be attributed to their land use, rather than underlying differences in soil
type. All three land uses also showed a similar pattern where median particle size decreased
with depth in the soil (Figure 3.2). The soil texture was also similar between the three
locations (Appendix 1, Figure SI-1 and Table SI-6), despite being classified as belonging to
three different World Reference Base Reference Soil Groups. Statistical analysis using
mixed effect model (MEM) indicated that location and land use had no significant effect on
soil texture Appendix 1, Table SI-6).

On average, SOC concentration in woodland and grassland soils were greater than arable
soils (Appendix 1, Table SI-2), in agreement with several other studies conducted in the UK
(Bell et al. 2011) and globally (Batjes, 1996; Jobbagy and Jackson, 2000). This difference
is most likely due to the higher quantity of litter input into woodland soils due to permanent
vegetation (Guo and Gifford, 2002; Li et al., 2016), the livestock manure entering grassland
soils (Abdalla et al., 2018), and the tillage of arable soils (Haddaway et al., 2017; Meurer et
al., 2018). Woodland soils have a slightly greater concentration of SOC in the top 10 cm,
likely due to the presence of a litter layer, whereas grassland soils have a slightly greater
concentration at 10-30cm, probably because grasslands have a high root biomass which
increases organic matter input to soils, especially in the topsoil. Jobbagy and Jackson (2000)
found that 70 % of the root biomass in grasslands was in the topsoil, whereas only 55% of

root biomass was in the topsoil of forest soils.
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Nitrogen content was significantly greater in grassland soils than in woodland or arable soils
(Appendix 1, Table SI-2), probably due to the input from the faeces and urine of grazing
livestock (Povirk, Welker, and Vance, 2001). Grazing activity also increases above-
belowground biomass by stimulating more photo-synthetically fixed C inputs to
belowground roots, leading to increased root exudates and root biomass which eventually
further stimulates N inputs into soils (Mcsherry and Ritchie, 2013; Zhou et al., 2017). Some
studies also show that root litter is more persistent than leaf litter and serves as a mechanism
for N retention in soil (Fujii and Takeda, 2010; Hobbie, 2015). In addition to this, according
to global analysis by Jackson et al. (1996), root biomass in grasslands (83%) was higher

than temperate deciduous forest (65%).

In agreement with other research (Hobley and Wilson, 2016; Li et al., 2013), C/N ratio was
highest in woodland soils, followed by grassland, and then arable soils. This observation is
in line with the knowledge that C/N ratio has a close association with vegetation (Jobbagy
and Jackson, 2000) as plant litter is the primary source of SOC formation in soil (Li et al.,
2016; Lorenz and Lal, 2005) and the distribution of SOC in soil profile has a strong
relationship with the root depth of vegetation (Schrumpf et al., 2013). Furthermore, the
lowest N concentrations were observed in arable soils, mainly due to leaching of inorganic
forms from the profile and repeated growth and harvesting of crops which results in
depletion of soil organic matter (and subsequently soil organic nitrogen) in the absence of
manures or nitrogen rich crop residues (Pandey et al., 2018).

Soil pH data indicated that soils under woodland were more acidic than arable or grassland
soils (Appendix 1, Table SI-2). This observation could be attributed to more organic acids
(humus layer) in woodland soils as a result of organic matter decomposition (Falkengren-
Grerup, 1987; John et al., 2005). There was no significant difference in soil pH with depth,
although soil pH tended to increase (not significantly) down the soil profile. The arable and
grassland soil pH display a similar vertical pH distribution to the sigmoidal model defined
by Zhang et al., (2017). They explained lower pH in the topsoil may be due to greater SOM,
releasing organic acids upon decomposition, or the uptake of bases by plants in the rooting
zone, and that higher pH in the subsoil may be due to less SOM, lower disturbance and

fluctuating groundwater.
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3.4.2 Soil organic matter down the soil profile

Soil organic carbon and nitrogen concentrations decreased down the soil profile under all
land uses, in agreement with the observations of multiple other authors (Dorji et al., 2014;
Li et al., 2016; Tautges et al., 2019). Whereas topsoil C concentrations were impacted by
land use, subsoil concentrations were similar in woodland, grassland, and arable soils,
implying that land use change does not considerably alter the concentration of C in the
subsoil. This observation is in contrast to the knowledge that the vertical distribution of SOC
has a slightly stronger association with vegetation than with climate (Jobbagy and Jackson,
2000; Li et al., 2016).

We also observed a strong correlation between C and N content down the soil profile, in
agreement with Tian et al., (2010), but an overall decrease in C/N ratio down the soil profile
under all land uses (Figure 2), similar to the findings of other studies (Gregory et al., 2016;
Kramer et al., 2017; Lawrence et al., 2015). C/N ratio is a good indicator of the degree of
decomposition and quality of the organic matter held in the soil (Batjes, 1996). Organic
material with a C/N ratio of approximately 24 is considered optimal for microbial activity,
with higher C/N ratios requiring microorganisms to acquire additional N for decomposition
to occur (USDA, 2011). Our results indicate that C/N ratios are below 24 in both top and
subsoils of all land uses, indicating that the C/N stoichiometry is suitable for organic matter
decomposition by microorganisms (Batjes, 1996; Rumpel and Koégel-Knabner, 2011).
Therefore, our observation of decreasing C/N ratio down the soil profile is attributed to
increased accumulation of more extensively decomposed (or microbially altered) organic
compounds in the subsoil (Kramer et al., 2017). Kramer et al. (2017) found that relationships
between C/N ratio and soil depth could be driven by N mineral association instead of in situ

organic matter decomposition.

3.4.3 The physical and chemical protection of soil organic carbon (SOC) down the

soil profile

This study revealed clear differences between topsoil and subsoil in relation to the
concentration of labile (fPOM), physically protected (iMacro and iMicro), and chemically

protected (MinOC) SOC fractions. The topsoil was dominated by mineral-free particulate
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organic matter (fFPOM) (Figure 3.3) which is composed of fresh material due to the influence
of direct plant litter and root input (Dignac et al., 2017; Lal, 2017). This explanation is
supported by the finding that deciduous woodland soils, which provide the highest litter
inputs, had the greatest fPOM concentration, followed by grassland and arable soils, for
which litter inputs are lower (Table S1-4). Our results agree with the findings of others (John
et al., 2005; Plaza et al., 2013, 2012) that report MinOC as the major SOC fraction in
topsoils. We further confirm that this is also the case in the subsoil and that the proportion
of SOC that is MinOC tends to increase down the soil profile (Figure 3.3). This MinOC may
have been transported from the topsoil to the subsoil horizon as Dissolved Organic Matter
(DOM) with percolating water or exuded at depth by deep pant roots prior to adsorption by

soil minerals (Leinemann et al., 2018; Lorenz and Lal, 2005).

Our results imply that the majority of SOC in the subsoil is protected from decomposition
because it is chemically associated with mineral surfaces. Fontaine et al., (2007), suggested
that SOC in deep soils is protected from decomposition due to a lack of fresh C inputs and
that changes in land use can result in priming the decomposition of older SOC. Our findings
highlight that the role played by minerals, which act as binding agents for forming organo-
mineral complexes, becomes more important down the soil profile (Schrumpf et al., 2013;
Torres-Sallan et al., 2017), mainly controlled by geochemical interactions (Cagnarini et al.,
2019). Soil metal hydroxides act as binding agents for SOC thus protect SOC from
decomposer agents (Angst et al., 2018a; Yu et al., 2017). Indeed, we did observe significant
positive correlations between the availability of non-crystalline (amorphous) Fe and Mn in
the subsoil layers and the concentration of MinOC (Figure 3.4), in agreement with
Rasmussen et al. (2018), and more than 90% of the variability in the subsoil MinOC
concentrations can be explained by farm location, land use, soil depth, and amorphous Al,

Fe, and Mn concentrations (Figure 3.4).

3.4.4 The importance of organo-mineral interactions for subsoil carbon storage

Our observations highlight the importance of understanding organo-mineral interactions in
identifying soils with the greatest potential for storing stable subsoil SOC. It has previously
been observed that iron-bearing mineral phases, particularly short-range-order mineral
phases are strong drivers of SOC sorption on soils (Coward et al., 2018). The chemical

mechanisms proposed for this association is the creation of inner-sphere complexes between
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the hydrophilic functional groups of amphiphiles (molecules with both polar and non-polar
regions) and the mineral surfaces of metal hydroxides (Kleber et al., 2007). The SOC
associated with these iron-bearing minerals may not be susceptible to microbial
decomposition while adsorbed to the mineral surface, but desorption may occur if a
reduction in pH occurs below the point of zero net charge of the hydrophilic functional
groups of the amphiphile (Bailey et al., 2019). An example provided by Bailey et al., (2019)
is pH 4 as the point of zero charge of carboxyl groups, below which the carboxyl group
becomes protonated, positively charged and no longer adsorbs to the mineral surface. We
found woodland soils to have lower pH than grassland or arable soils, but this remained, on
average, above pH 4 (Figure 3.2). Overall, soil pH is increasing in the topsoils of all UK
habitats, especially arable soils, most likely due to decreasing sulphur deposition (Carey et
al., 2008). However, further reductions in pH due to land use changes, perhaps due to
reversion to acid grassland or heath (Tibbett et al., 2019; Duddigan et al., 2020), or
conversion to coniferous plantations, (Reich et al., 2005) may result in pH reductions that

cause the desorption.

Lavallee et al., (2019) call for a distinction to be made between particulate and mineral
associated organic carbon due to their differences in formation, functioning, and persistence.
Similarly, Hoffland et al., (2020) plea for SOM fractions to be better linked to soil functions.
Particulate organic carbon has a mean residence time of “years’ and is primarily responsible
for delivering the soil functions that are characteristic of healthy soils, whereas mineral
associated organic carbon has a mean residence time of ‘decades’ and represents the long
term store of carbon in soils. Likewise, Tautges et al., (2019) call for greater attention to be
paid on subsoil carbon when assessing the impact of land use change on soil carbon stocks,
since changes in topsoils may not be reflected in subsoils. We highlight here the need to

protect mineral associated soil organic carbon in subsoil layers.

3.5 Conclusion

It is clearly evidenced that total C, total N, and C/N ratio decrease down the soil profile
under woodland, grassland and arable land uses. Total C and C/N ratio were significantly
different both between land uses (woodland > grassland > arable) and between topsoil and
subsoil. In terms of deep SOC stabilisation, SOM physical fractionation found that free

particulate organic matter (fFPOM) dominated SOC in the topsoil whereas mineral associated
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organic carbon (MinOC) fraction was proportionally greater in the subsoil under all land
uses. Therefore, our hypothesis that chemical protection mechanisms would be of greater
importance in the subsoil, compared to the topsoil is supported by this data. Although
woodlands contain more fPOM in subsoils than other land uses, SOM protection in subsoils
is primarily regulated by soil organo-mineral interactions, particularly amorphous Fe and
Mn concentrations and may therefore be susceptible to future changes in soil pH that could
occur if land use changes, such as conifer plantation, resulted in subsoil acidification. Our
results are novel because they highlight the importance of mineralology in the protection of
SOM in subsoils (within which SOM dynamics are poorly understood). Future work should
focus on identifying soils that have the greatest capacity for storing additional carbon in
subsoils and which are at greatest risk of subsoil carbon losses, based on their mineralogy.
These advances will inform strategies for developing site specific land management

practices to optimise carbon storage in subsoil horizons.
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Chapter IV - Composition of free particulate organic matter (fPOM) in
the top 1 m of soil under different land uses

Abstract

Free particulate organic matter (fPOM) is considered as the most labile fraction of soil
organic matter and the fraction most easily decomposed by soil microorganisms. The
quantity of fPOM in soils decreases with depth and is different between different land uses.
However, relatively little is known about whether the chemical composition and quality of
fPOM changes down the soil profile and differs between different land uses. We
characterised fPOM in topsoils (0-10 cm and 20-30 cm) and subsoils (50-60 cm and 90-100
cm) under arable, grassland, and woodland land uses at three locations in the UK. The fPOM
fraction was obtained by density separation and then subjected to analysis for C and N,
Fourier-Transformed Infrared (FTIR) spectroscopy, and *C Isotope Ratio Mass
Spectrometry (IRMS). The C and N concentrations of fPOM were significantly higher in
woodland than grassland or arable soils, while C/N ratio was similar across all three land
uses. FTIR analysis indicated more oxygen-containing functional groups in grassland and
arable fPOM than found in woodland soils while, on the contrary, carboxyl acid and
carbohydrate groups more abundant in woodland and grassland fPOM than arable fPOM.
However, there were no significant differences in the degree of decomposition or
recalcitrance of fPOM between the different land uses. Clear differences in the §°C of
fPOM under different land uses reflects the differences in vegetation, with C4 plants grown
more recently and frequently in arable soils than woodland or grasslands. We found no
significant difference in C concentrations between topsoil and subsoil fPOM, but N
concentrations decreased, and C/N ratio increased significantly with depth, while the FTIR
analysis indicated that fPOM becomes less recalcitrant with depth, and §°*C of fPOM
significantly increased down the soil profile. All these observations indicate that subsoil
fPOM is chemically dissimilar to topsoil fPOM and is most likely comprised of more
microbially processed organic matter transported from surface layer that is

stoichiometrically favourable for further microbial decomposition.
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4.1 Introduction

Globally, soils contain a stock of soil organic carbon (SOC) that amounts to approximately
1,505 Pg to 1 m depth, which plays a considerable role in the global carbon cycle, while
also providing numerous soil processes and function (Lal, 2018, 2004b). Several factors
influence the chemical composition of soil organic matter (SOM) including origin, age,
environmental conditions, and land management practices (Parolo et al., 2017). During
decomposition and mineralisation, SOM undergoes transformations that result in changes
in functional group chemistry, such as the increase in aromatic groups, relative to aliphatic
groups, as decomposition progresses (Hsu and Lo, 1999). However, land use and cropping
practices have the greatest influence on the composition of soil organic matter (Kaiser and
Ellerbrock, 2005) since they dictate the composition and quality of OM input provided by

the vegetation and soil amendments (e.g. organic manure) (Yeasmin et al., 2020).

Lavallee et al., (2019) made the distinction between mineral associated organic carbon,
which has a long mean residence time in soils and is primarily derived from low molecular
weight compounds (largely of microbial origin), and free particulate organic matter (fPOM),
which has a much shorter mean residence time. Because the delivery of many soil functions
requires the decomposition of SOM by soil organisms, the fPOM fraction of SOM is of
great importance for the delivery of soil functions, processes, and services (Hoffland et al.,
2020). The fPOM fraction is thought to consist of the undecomposed remnants of plants and
animals and is regarded as the most labile component of the soil organic matter (Cerli et al.,
2012; Kravchenko et al., 2015). Our previous research has shown that the fPOM fraction of
SOC is significantly greater in both topsoils and subsoils under woodland, compared to
grassland or arable soils, and that there is proportionally more SOC stored as fPOM in the
topsoil, compared to the subsoil (see Chapter 3). However, it is unclear whether (i) the
fPOM in the subsoil is of similar chemical composition to fPOM in the topsoil and thus is
capable of delivering the same soil functions, processes and services, or if (ii) subsoil fPOM

has undergone microbial decomposition to a greater extent than topsoil fPOM.

The use of spectroscopic techniques, such as 13C Nuclear Magnetic Resonance
spectroscopy, Fourier-Transformed Infrared (FTIR) spectroscopy, Ultraviolet—Visible
spectroscopy, and Fluorescence spectroscopy, has led to considerable advancements in the
understanding of SOM structure (Parolo et al., 2017; Savini et al., 2017). FTIR spectroscopy

is a method that can be used not only to analyse bulk soil but also to measure the composition
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of SOM fractions including the fPOM fraction (Margenot et al., 2015a; Yeasmin et al.,
2020), intra aggregate fractions (Fultz et al., 2014) and mineral protected SOM (Yeasmin et
al., 2020). A small amount of soil is usually sufficient for spectral scanning to obtain
representative information whereby the wavelength at which absorption of infrared light
occurs can be attributed to the vibrational frequencies of different functional groups. It is a
rapid non-destructive method that is capable of screening large collections of samples. FTIR
spectroscopy can be used to characterise SOM as it provides information about the relative
abundance of different functional groups (Parikh et al., 2014). This allows soil
characterisation concerning differences in mineral compositions and organic structures
(Xing et al., 2019).

FTIR analysis is particularly helpful in determining the origin and stability of SOM
fractions. Decomposition of fresh plant materials initiates with the breakdown the cellulose
and carbohydrate compounds, before lignin, tannins, and other recalcitrant plant derived
compounds are metabolised, since they are more resistant to microbial biodegradation
(Kramer et al., 2012). The fPOM fraction, representing the most physically labile SOC pool,
is typically enriched in chemically labile compounds such as carbohydrates (5 to 25% in
fPOM), that can be identified by FTIR as aliphatic (C-C/CH/CH.) and oxygen-containing
functional groups (e.g. OH/C-O/CCO), relative to whole soils and heavy fractions. More
chemically recalcitrant SOM is identified using FTIR by a greater abundance of aromatic
structures due to a high lignin content, relative to alipathic structures, which are associated
with SOM that is more easily decomposed (Soucémarianadin et al., 2019).

The natural *C abundance (8*3C) of SOC is another characteristic of organic matter, which
is related mainly to the source of organic carbon, but is also affected by decomposition (Shi
et al., 2017) and physical mixing processes (Acton et al., 2013). Additionally, it is well
established that gradual increases of 6*3C values with depth, which are partially related to
soil OM decomposition processes, are the result of increasing average age of OM with
increasing soil depth (Liu et al., 2018). Thus, common understanding dictates that the
increase of 3C down the soil profile is due to microbial decomposition causing isotopic

fractionation of organic carbon (Accoe et al., 2002; Acton et al., 2013).

The objectives of this study were to investigate the evolution of the 5'*C signature of fPOM
with increasing depth in soil profiles under different land uses and relate these to the
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chemical composition and presence of functional groups observed using FTIR spectroscopy
to investigate the influence of land use and soil depth on the extent to which subsoil fPOM
is microbially decomposed, compared to topsoil fPOM. We hypothesised that fPOM in the

subsoil is more microbially decomposed than fPOM in the topsoil.

4.2 Methodology

4.2.1 Field sites

Soil samples were collected in August 2017 from three separate locations within the Loddon
Catchment, a tributary of River Thames in the UK (Figure 4.1). At each location soils were
collected from a deciduous woodland, a permanent grassland and a long term arable site.
All woodland sites were classified as ‘Broadleaved, mixed & yew woodland’ all grassland
sites were classified as ‘Improved grassland’ and all arable areas were classified as ‘Arable
and horticulture” on the Centre for Ecology and Hydrology 2015 Land Cover Map (Rowland
et al., 2017). Sites were also on the same mudstone geology that is typical of flat low-lying
areas of the Thames Valley river terraces (Bloomfield et al., 2011). Two of the locations
were the University of Reading’s research farms; Sonning Farm and Hall Farm, and the
third was farm and woodlands owned by the The Vyne, National Trust. All soils had similar
silty-clay loam surface texture with clay enrichment in subsoils and are affected by
groundwater or waterlogging. Under the original Soil Survey of England and Wales
classification, Sonning Farm is an argillic brown earth that is typically freely drained by
sometimes affected by groundwater (soil series 0571w Hucklesbrook), Hall Farm has
argillic gley soils that are permeable soils affected by groundwater (soil series 0841b Hurst),
The Vyne has a typical stagnogley soils which are slowly permeable seasonally waterlogged
soils (soil series 0711h Wickham) (Cranfield University, 2021). The Soil Survey of England
and Wales classifications have been correlated and reclassified using the World Reference

Base, 2006 Tier 1 Version as a Luvisol, a Gleysol, and a Planosol, respectively.

4.2.2 Sampling design

We adopted a mixed model approach to our sampling design. Our primary interest was the
effect of land use (grassland, arable or woodland) and soil depth on soil properties; thus,
soil land use and soil depth are the two main factors in the design. Soils from each land use
were collected from each farm. As each farm is on a similar, but slightly different soil type,

the effect of soil type and farm are represented in one single random factor called ‘location’
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because, although they cannot be separated, they are included because they may have an
effect on the overall variation in the data. Within each sampling site, soils were bulked to
produce a composite sample, as described in detail below, such that only one composite
sample value for each land use for each soil depth for each farm was available, with N = 3
for each land use across the three locations. Therefore, we were able to compare the effect
of land use (N = 3) and depth across three different locations and examine whether the

location effected any of the variation in soil properties itself.

Details of sample collection are described in Chapter 3. Briefly, five soil samples were
collected from every site using a gauge auger, adopting a stratified random sampling
strategy. Each core was sampled down to 1 m depth and divided into 10 cm segments.
Samples were then bulked into one composite soil sample for each 10 cm depth per site to
provide a sampled average. For the purposes of this study, we selected 4 soil depths i.e., O-
10 cm, 20-30 cm (representing the topsoil layer) and 50-60 cm, 90-100 cm (representing the
subsoil layer). Because samples were collected from three different locations (Sonning
farm, Hall farm and The Vyne), each location contained three different land uses (i.e. three
sites per location), and we used 4 depths, a total of 36 composite soil samples were analysed
overall. Soil samples were air-dried and sieved to <2 mm before analysis.
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Figure 4.5 Map of soil sampling sites within the Loddon catchment in the UK.
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4.2.3 Laboratory analysis
4.2.3.1 Extraction of the free particulate organic matter (fPOM) fraction

Extraction of fPOM was carried out on air-dried 2 mm sieved soil that was mixed with 80
ml of 1.85 g mI! density sodium polystungstate (SPT) in a 250 ml centrifuge bottle. The
mass of soil extracted was different for each sample but amounted to 2 mg of soil organic
carbon per sample (see Chapter 3). Therefore, every tube contained the same ratio (2:80,
w/v) of SOC to SPT (Appendix 2, Table SI-1). The tubes were shaken for 30 seconds on an
end-over-end shaker at 60 rpm and then centrifuged at 2500 g for 30 min. The supernatant
containing the fPOM was immediately transferred after centrifugation into a 100 ml
polypropylene bottle and filtered, using a Buchner vacuum filtration apparatus, through a
pre-weighed glass fibre filter (GF/A Whatman, UK) to obtain the fPOM fraction. The fPOM
fraction was brushed off the GF paper and ground to a powder using a mortar and pestle.
Ground fPOM samples were then analysed for C and N using a Thermo Flash 2000 C/N
analyzer, for molecular structure using fourier transform infrared (FTIR) spectroscopy and

for 13C/*2C ratio using isotope ratio mass spectrometry (IRMS).

4.2.3.2 Fourier Transform Infrared Spectroscopy

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy was
performed using a Perkin Elmer spectrum 100 FT-IR Spectrometer. The samples were
scanned in the infrared region from 4200 to 650 cm™. 40 scans per spectra were recorded at
a resolution of 4 cm™ and then individual peaks were assigned to functional groups as
identified in Table SI-2. Spectra observation resulted 11 prominent peaks and shoulders that
indicate organic functional groups (Appendix 2, Figure SI-1). FTIR spectra were
standardised by z-scoring (mean centring and dividing by the standard deviation), following
Hobley et al. (2017), before statistical analysis to quantify the impact of land use and soil

depth on relative absorbance of each peak.

Furthermore, to attribute differences in functional group composition to SOM quality, two
indices were calculated following (Haberhauer et al., 1998; Margenot et al., 2015a). First,
to quantify relative changes in band absorbance, relative absorbance of each of the 11 bands
were calculated by dividing the raw (i.e. not z-scored) peak height of a distinct peak (3355,
2921, 2853, 2162, 1621, 1417, 1240, 1029, 930, 874 or 763 cm™) by the sum of the heights

45



of all these peaks and multiplying by 100 (Haberhauer et al., 1998). The resulting relative
absorbance values were then used to calculate the following two indices that use the ratios
of bands representing different functional group types (e.g., aliphatic, O-functional group)
which in previous studies have been established as indices of relative decomposition and
recalcitrance of SOM (Margenot et al., 2015a):

_ 1621+930+874+763
Index | =
2921+2853+1417
2921+2853+1621+1417+930+874+763
Index Il =

3355+1240+1029+2162

Index | is considered to indicate the degree of decomposition as represented by the ratio of
aromatic to aliphatic functional groups because the ratios of bands representing these two
functional groups have been shown to increase with increasing degree of decomposition
(Hsu and Lo, 1999). Index Il represents relative recalcitrance of SOM by determining a ratio
of C functionality (aromatic and aliphatic, respectively) to O-functional groups where an
increase of which is thought to be associated with greater recalcitrance of SOM (Margenot
etal., 2015a; Veum et al., 2014).

4.2.3.3 Isotope Ratio Mass Spectrometry

The measurement of 5'°C of fPOM was performed using a ThermoFisher Scientific Delta
V Advantage isotope ratio mass spectrometer (IRMS) connected to a Flash EA 1112 HT
elemental analyser, interfaced with Conflo IV device. Samples (0.2 mg) were weighed into
tin capsules and lowered into an elemental analyser combustion oven. The measured 3C/*2C

ratios are expressed as 8*3C values (%o) relative to the Pee Dee Belemnite (PDB) standard

813C _ ( R Sample—R Standard)
R Standard

*1000

where R sample and R standard refer to the 3C/*?C ratio in the sample and the standard
(PDB), respectively. The working standards for the measurements were 1\VA33802174 Urea
standard, Silver Spoon Sugar in-house standard, and USGS42 Tibetan Hair certified
standard with a 5'3C value of -45.38 +0.17 %o, -26.33+0.06 %o, -21.09+0.1 %o, respectively.
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4.2.4 Statistical analysis

Statistical analysis was performed with Minitab software version 19. A mixed effect model
(MEM) was employed to examine the differences between different land uses and soil
layers, which were both set as fixed factors, and location was set as random factor. The
estimation method used was Restricted Maximum Likelihood (REML), combined with
Kenward-Roger as test method for fixed effect, and then followed by a Tukey multiple

comparison test (o = 0.05) to identify significant differences between individual treatments.

4.3 Results
4.3.1 C and N analysis of free particulate organic matter (fPOM)

Total C and N concentration of the fPOM fractions obtained from woodland soils were
significantly (p<0.05) higher than fPOM fractions of grassland and arable soils (Table 4.1,
Figure 4.2). However, the C/N ratio was not significantly different between land uses. The
concentration of fPOM C was not significantly (p>0.05) different between different soil
depths (Table 4.2) but did appear to decrease down the soil profile of arable and grassland
soils and increase down the soil profile of woodland soils (Figure 4.2). The total N
concentrations of fPOM revealed the same pattern with land use and depth as the total C
concentrations. However, the topsoil layer (0-10 cm) had a significantly greater
concentration of N compared to subsoil layers (50-60 cm and 90-100 cm). As a result, the
C/N ratio of fPOM was significantly lower (p<0.05) in topsoil (0-10 cm) than subsoils (50-
60 cm and 90-100 cm). The effect of location was not significantly different among all
locations (p> 0.05) (Appendix 2, Table SI-3).
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Table 4.1 fPOM concentration of Total C (g/kg), Total N (g/kg) and C/N ratio under
different land uses (mean * standard error of the mean, n = 12).

Landuse Total C (g/kg)  Total N (g/kg)  C/N Ratio

Arable 82.76 £12.99b 3.79+0.67 b 21.28+1.29 a
Grassland 83.61+14.73b 4.06+0.73 b 19.95+0.80 a
Woodland 14984 +£8.28a 7.99+0.25a 18.95+1.14 a

Different letters within a column represent statistically significant differences at o = 0.05
Data points are the mean of soil samples collected under the same land use (Arable,

Grassland, or Woodland) across three different locations (Sonning, Hall Farm and The
Vyne) at four selected depth layers (0-10 cm, 20-30 cm, 50-60 cm, and 90-100 cm).

Table 4.2 fPOM concentration of Total C (g/kg), Total N (g9/kg) and C/N ratio for
selected soil layers (mean £ standard error of the mean, n =9)

Soil Depth Total C (g/kg) Total N (g/kg) C/N Ratio
0-10cm 118.19+11.17 a 6.75+0.66 a 17.85+£1.26 b
20-30cm 102.76+17.09 a 5.70+£0.97 ab 18.17+0.85 ab
50 -60cm 98.99+20.82 a 4.70£0.99 b 21.25+1.07 a
90 - 100 cm 109.84+27.49 a 5.37£1.20b 20.19+1.33 a

Different letters within a column represent statistically significant differences at a = 0.05.
Data points are the mean of soil samples collected at the same depth (0-10 cm, 20-30 cm,
50-60 cm, or 90-100 cm) across three different locations (Sonning, Hall Farm and The
Vyne) and three different land uses at eat location (Arable, Grassland, or Woodland).
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Figure 4.2 Concentration of Total C, Total N (g/kg) and C/N ratio of fPOM under
different land use and soil depth, where points represent mean values from all three
locations and error bars represent the standard errors of the mean (n = 3) using the
three locations as replicates.
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4.3.2 Fourier Transform Infrared Spectroscopy of free particulate organic matter
(fFPOM)

Eleven spectral regions, corresponding to specific C functional groups were identified in
the FTIR spectra (Figure 4.3) and these bands were used to characterise fPOM chemistry:
(1) the H-bonded hydroxyl (O-H) groups region at 3355 cm™; (2) the aliphatic (CH: and
CHs stretch) region between 2921, 2853 and 1417 cm?; (3) the carboxyl acid region at
1240 cm™; (4) the aromatic C region between 1621, 930, 874 and 763 cm™ (5) the
carbohydrate region at 2162 cm™ (6) C—O stretching vibrations of C-O-C groups at 1029
cmt. The ratio of aliphatic to and aromatic functional groups was used as the indicator
spectra to measure the degree of SOM decomposition, and the ratio of alipathic-aromatic
groups to O-funtional groups was used to represent the recalcitrance of the SOM (Margenot
et al., 2015b; Veum et al., 2014).

Following peak identification, the Mixed Effects Model (MEM) analysis of the z-score
transformed absorbance at identified bands (Appendix 2, Table SI-2) revealed significant
(p<0.05) differences between land uses in the relative absorbance at 1240, 2162, and 3355
cm (Table 4.3; Figure 4.4), each of which are attributed to oxygen-containing functional
groups (carboxylic, carbohydrate, and phenolic groups, respectively). However, only the
band at 1417 cm™, attributed to aliphatic (C—H) deformation of CH, or CH3 groups, was
found to significantly (p<0.05) decrease in relative absorbance with soil depth (Table 4.4;
Figure 4.4). Effect of location was not significantly different among all locations (p> 0.05)
(Appendix 2, Table SI-3).
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Figure 4.3 ATR-FTIR spectra of fPOM (free particulate organic matter) obtained
from different locations (Sonning, Hall Farm and The Vyne) under different land uses
(arable, grassland and woodland) and selected soil depths (0-10 cm, 20-30 cm, 50-60
cm and 90-100 cm)
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Figure 4.4 Relative absorbance (z-score transformed absorbance in cm?) of selected
bands obtained from Fourier-transform infrared (FTIR) spectra of free particulate
organic matter (fPOM) from selected soil layers down the soil profile under arable,
grassland and woodland. Bars represent mean values from all three locations and
error bars represent the standard errors of the mean using the three locations as
replicates (n = 3).

Table 4.3 Relative absorbance (z-score transformed absorbance) of selected bands
obtained from Fourier-transform infrared (FTIR) spectra of free particulate organic
matter (fFPOM) under arable, grassland and woodland (mean + standard error mean,
n=12)

Land use
Band (cm”) Arable Grassland Woodland
3355 1.40+0.08 ab 1.59+0.06 a 1.31+0.07 b
2162 -0.41+0.07 b -0.39+0.05 b -0.21+0.06 a
1240 -0.94+0.02 b -0.82+0.02 a -0.82+0.02 a

Different letters within a column represent statistically significant differences at the 0.05.
Data points are the mean of soil samples collected under the same land use (Arable,
Grassland, or Woodland) across three different locations (Sonning, Hall Farm and The
Vyne) at four selected depth layers (0-10 cm, 20-30 cm, 50-60 cm, and 90-100 cm).
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Table 4.4 Relative absorbance (z-score transformed absorbance) of selected bands
obtained from Fourier-transform infrared (FTIR) spectra of free particulate organic
matter (fPOM) from selected top soil (0-10 cm and 20-30 cm) and subsoil (50-60 cm
and 90-100 cm) layers down the soil profile under arable, grassland and woodland
(mean * standard error mean, n = 9)

Soil layer Band 1417 Index 11
0-10 cm -0.50+0.01a 2.07+0.07 a
20-30 cm -056 £0.03ab 1.91+0.04 ab
50-60 cm -0.58+0.02 b 1.83+£0.05b

90-100 cm -054+0.02ab 1.80+0.05b

Different letters within a column represent statistically significant differences at a = 0.05.
Data points are the mean of soil samples collected at the same depth (0-10 cm, 20-30 cm,
50-60 cm, or 90-100 cm) across three different locations (Sonning, Hall Farm and The
Vyne) and three different land uses at eat location (Arable, Grassland, or Woodland).

The Tukey multiple comparisons test revealed that the relative absorbance of the band at
3355 cm! was significantly (p<0.05) greater for grassland fPOM compared to woodland
fPOM, but neither were significantly (p>0.05) different to arable fPOM (Table 4.3, Figure
4.4). However, relative absorbance of bands 2162 and 1240 were significantly (p<0.05)
greater for woodland fPOM than arable fPOM (Table 4.3, Figure. 4.4). While this reveals
an inconsistent picture, it can be generally stated that oxygenated functional groups were
more prevalent in the fPOM of woodland and grassland soils than arable soils. Down the
soil profile, relative absorbance at only band 1417, indicative of aliphatic groups, was found
to be significantly greater (p<0.05) in topsoil (0-10 cm) fPOM than subsoil (50-60 cm)
fPOM (Table 4.4, Figure 4.4). However, the absorbance at this band seems to be very similar
at the top of the soil profile (0-10 cm) and at 90-100 cm under grassland and woodland land

uses.

The use of FTIR band indices to quantify the degree of fPOM decomposition and
recalcitrance revealed no significant (p>0.05) differences between land uses (Figure 4.5).
Index I (representing the degree of fPOM decomposition) was not significantly different
between different land uses or different soil depths (Appendix 2, Table SI-2). However,
there is some indication that grassland fPOM, particularly in the top 10 cm, was more
decomposed than arable and woodland fPOM at the same depth, as shown by Index I (Figure
4.5). Furthermore, the recalcitrance index (Index Il) was found to significantly differ
(p<0.05) with depth (Table 4.4), but not land use (Appendix 2, Table SI-2). Effect of
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location was not significantly different among all locations (p> 0.05) (Appendix 2, Table
SI-3). As shown in Figure 4.5, Index Il, under all land uses has a similar decreasing trend
with depth, with topsoil (0-10 cm) fPOM significantly (p<0.05) more recalcitrant than
subsoil (50-60 cm and 90-100 cm) fPOM (Table 4.4).
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Figure 4.5 Fourier-transform infrared (FTIR) bands indices corresponding to fPOM
degree of decomposition (Index I) and recalcitrance (Index Il) along with the soil
profile under different land use. Error bars are standard errors of the mean, n = 3.
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4.3.3 Isotope Ratio Mass Spectrometry of free particulate organic matter (fPOM)

The mean 5'3C of fPOM differed significantly (p<0.05) among all land uses (Figure 4.6;

Table 4.5) in the order, from the highest to the lowest, arable > woodland > grassland. Down

the soil profile, the §*3C value showed an increasing trend, where topsoil (0-10 cm) fPOM
had a significantly (p<0.05) lower §'3C than subsoil (90-100 cm) fPOM (Table 4.6).

Grassland fPOM revealed a clear and constant decrease in §3C down soil profile at all three

farms, but woodland showed little vertical difference. Interestingly, there was a greater §°C

for fPOM at 20-30 cm at Hall farm and The Vyne than 0-10 cm or 50-60 cm (Figure. 4.6).
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Figure 4.6. 8'3C value of free particulate organic matter (fPOM) with depth for the
three sampling locations (Sonning, Hall Farm, and The Vyne) and the average of these
three locations, using the three locations as replicates. Error bars on the bottom right
graph are standard errors of the mean of the three replicate locations, n = 3.
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Table 4.5 §'3C values of the fPOM fractions under different land use (mean +
standard error mean, n = 12)

Land use S13C (%00)
Arable -2592+0.29a
Grassland -28.47+0.23 ¢
Woodland -27.47+0.14 Db

Different letters within a column represent statistically significant differences at a = 0.05
Data points are the mean of soil samples collected under the same land use (Arable,
Grassland, or Woodland) across three different locations (Sonning, Hall Farm and The
Vyne) at four selected depth layers (0-10 cm, 20-30 cm, 50-60 cm, and 90-100 cm).

Table 4.6 §'3C values of the fPOM fractions under different land use from selective
top soil (0-10 cm and 20-30 cm) and subsoil (50-60 cm and 90-100 cm) layer (mean +
standard error mean, n = 9)

Soil layer 51C (Yoo)
0-10 cm -27.70£0.53 b
20-30 cm -27.11£0.53 ab
50-60 cm -27.38 £0.33 ab
90-100 cm -26.95+0.36 a

Different letters within a column represent statistically significant differences at oo = 0.05.
Data points are the mean of soil samples collected at the same depth (0-10 cm, 20-30 cm,
50-60 cm, or 90-100 cm) across three different locations (Sonning, Hall Farm and The
Vyne) and three different land uses at eat location (Arable, Grassland, or Woodland).

4.4 Discussion

4.4.1 Land use effects on fPOM carbon quality

The concentration of C and N in free particulate organic matter (fPOM) was found to be
significantly greater in woodland soils, compared with grassland and arable soils. This is
probably because the fPOM brushed off the filter papers and analysed contained larger plant
litter particles and is less contaminated by mineral particles. This could indicate that the
fPOM from arable and grassland soils is fragmented or biologically mineralised to a greater
extent than the fPOM from woodland soils. Yet, the C/N ratio of the fPOM was similar

across all three land uses. The low C/N ratio of fPOM obtained in all soils in this study (<
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25) indicates faster OM decomposition process than OM accumulation (Li et al., 2016).
From previous analysis of these samples, we also know that the woodland soils have a
higher quantity of fPOM than the grassland and, in turn, arable soils (see Chapter 3). The
greater fPOM content under woodland not only influenced by abundant OM input from
plant litter (Hobley et al., 2017a), but also the low pH (see Chapter 3) that limited
microorganism activity in decomposing OM (Malik et al., 2018) which is shown by higher
content of carbohydrates (band 2162 cm™) in woodland (Hsu and Lo, 1999; Veum et al.,
2014).

According to Chan (2001), the fPOM fraction is the most sensitive to changes in land use.
This refers to the common understanding that SOC is lost during the conversion to
agriculture (Guo and Gifford, 2002) and depends on vegetation as source of organic matter
(Jobbagy and Jackson, 2000). Analysis of the chemical composition of fPOM revealed that
land use influences the carbohydrate content (band 2162 cm™) , which were more prevalent
in woodland soils than the other land uses. Carbohydrates are good indicators of fresh plant
material input and their lower prevalence in grassland and arable soils (particularly arable
topsoils) indicate a greater extent of decomposition (Hsu and Lo, 1999; Veum et al., 2014).
Similarly, a greater prevalence of carboxyl/phenoloic/hydroxyl o-containing groups were
observed in the woodland and grassland soils than the arable soils, indicating an earlier
stages of fPOM decomposition and greater biological reactivity of this fraction in less
disturbed (woodland and grassland) soils, compared to the arable soils (Yeasmin et al.,
2020). The 8'3C of fPOM was significantly greater in arable soils than grassland or
woodland soils. This finding was expected and probably reflects the influence of C4 plants
(e.g. maize) that are periodically cropped in arable soils (Fuentes et al., 2010; Shi et al.,
2017).

4.4.2 Effects of soil depth on fPOM carbon quality

The C/N ratio of fPOM slightly increases with depth which actually indicates that the fPOM
in the subsoil may be decomposed to a lesser extent, or may be more chemically recalcitrant,
than the fPOM in the topsoil (Hsu and Lo, 1999). High N contents in the surface layers may
reflect the cycling of N within shallow roots and little inputs, as well as surface N inputs
from atmospheric deposition (Stevens et al., 2018; Vanguelova and Pitman, 2019) and other
amendments applications on arable and grassland (Gerzabek et al., 2006). However, since

the C/N ratio of all the fPOM samples analysed were considerably lower than 25, it can be
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assumed that these residues are favourable for microbial decomposition. Additionally,
increasing C/N ratio at depth also revealed that the decomposition process is more intense
in topsoils than subsoils (Hsu and Lo, 1999). Moreover, increasing C/N ratio with depth
was suggested by Soucémarianadin et al., (2019) to be as a result of higher contribution of
roots than leaf litter in the deeper soil layer where C/N ratios of fine roots are closer to 50—
60 (Hobbie et al., 2010) while C/N ratios of fresh foliage or humus layers range between 10
and 32 (Cools et al., 2014).

Furthermore, our findings based on C/N ratio of fPOM contradicts evidence from other
indicators of the degree to which fPOM is decomposed. For example, we found, in
agreement with Hobley et al. (2017), increasing of 5!3C values of fPOM with down the soil
profile. The enrichment of *3C with depth signifies that subsoil fPOM consisted of SOM
that had undergone more microbial processing than topsoil SOM (Acton et al., 2013;
Ehleringer et al., 2000) as a result of *3C-enriched of microbial metabolism during the
decomposition process (Zachéry et al., 2020) that was transported down the soil profile
(Acton et al., 2013).

The finding that the §!3C signature of fPOM is greater in arable soils than grassland or forest
soils has two possible explanations. Firstly, tillage may have accelerated the decomposition
of fPOM due to the physical disruption of soil aggregates and introduction of air that
stimulates micobial activity and leads to more microbially processed SOM (Hobley et al.,
2017). Secondly, the planting of C4 crops results in plant biomolecules with a greater §:3C
signature because they retain more 13C and less 12C in their tissues. Therefore, inclusion
of C4 species (e.g. maize) in arable crop rotations is also likely to increase the §*3C signature
of the fPOM (Fuentes et al., 2010).

We observed a decrease in the prevalence of aliphatic groups in fPOM down the soil profile,
also documented by Ding et al. (2002), also significantly decreased of the recalcitrance of
fPOM (Index I1) with soil depth. This findings indicates that the subsoil layer fPOM was
more decomposed than the topsoil layer (Acton et al., 2013; Veum et al., 2014). However,
this finding indicated that the fPOM in subsoils contained more microbially processed and
less chemically recalcitrant transported from topsoil fPOM but the decomposition process
become less than topsoil as evidenced by a higher C/N ratio at subsoil which is indicating
slow microbial decomposition (Li et al., 2016).
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Additionally, as previously stated, all these soils are affected by waterlogging for part of the
year. Oxygen limitation (anaerobic) conditions are commonly understood to supress the
SOC decomposition, particularly in the subsoil layer (Huang and Hall, 2017; Jia et al.,
2020). However, study from Huang et al. (2020) revealed not only that the effect of anoxia
on decomposition supressed total C loss (by 27% to 41%) due to the decrease in litter-C
decomposition, but long term anaerobic conditions (over weeks to months) cause decreasing
physical protection of mineral-associated SOC as result of the Fe reduction and release of
mineral-associated soil C (Huang and Hall, 2017). Litter decomposition in anaerobic
conditions also changes the C molecular composition which decreases protein C
accumulation and increases carbohydrates and lignin decomposition (Huang et al., 2020).
The processes may have possibly affected the dissimilarity of fPOM between topsoil and

subsoil layers in this study.

4.5 Conclusion

Our results indicate that both land use and soil depth affect the chemical characteristics of
fPOM in terms of C/N ratio and concentration, chemical composition, and §*3C in lowland
soils with silty-clay loam topsoils and clay enriched subsoils affected by groundwater and
waterlogging. Woodland soils contain fPOM with a high content of carbohydrates and
oxygenated functional groups (phenol, carboxyl hydroxyl groups) than grassland and arable
soils, indicating the presence of plant litter that is at earlier stages of decomposition. The
313C of fPOM in arable soils is higher, due to the periodic cropping of C4 plants. The fPOM
fraction of the SOM is chemically different in topsoils than subsoils. Deeper soil layers
contain fPOM with fewer aliphatic compounds group which are less chemically recalcitrant
than topsoil fPOM. The §3C of fPOM indicates that subsoil contained more microbially
decomposed fPOM than topsoil, but the decomposition process become slower in the
subsoil as indicated by fPOM C/N ratio increases with soil depth. Therefore, our data
supports our hypothesis that fPOM in the subsoil is more microbially decomposed than
fPOM in the topsoil. Further study should explore how soil management, mainly arable land
management of soil, will affect both quality and quantity of the fPOM, particularly in the
subsoil layer. Overall, this study demonstrates that subsoil fPOM is chemically dissimilar
to topsoil fPOM. possibly due to the anaerobic effect of waterlogging in study areas and is
therefore unlikely to deliver the same soil functions and ecosystem services to the same

extent.
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Chapter V - Conversion of forest to Cinnamon plantation depletes the
carbon stocks in the top 1 metre of the soil profile in the tropical

highlands of Kerinci Regency, Jambi Province, Indonesia

Abstract

This study aims to investigate the effect of conversion from natural forest into the cinnamon
plantation to top 1 m soil carbon stocks and soil characteristics. The project was conducted
in Andosol soil of Kerinci Regency, Sumatera, Indonesia, sampling up to 1 m depth along
with the soil profile under forest and different ages of Cinnamon plantation (Cinnamon Year
1, Year 5 and Year 10). Soil organic carbon (SOC) stocks were quantified for the soil whole
profile under all land uses, also physical properties (bulk density and soil texture) and
chemical properties (Total organic carbon (TOC), total N, C/N ratio) were determined to
see the impact of the land conversion. The free particulate organic carbon (fPOM) obtained
from SOC fractionation from selected topsoil (0-10 cm and 20-30 cm) and subsoil layer
(50-60 cm and 90-100 cm) and then continued to TOC and total N analysis and FTIR
analysis. The result showed that there was decreasing bulk density and C:N Ratio and
increasing in TOC and total N under 1 year after forest conversion, but as the plantation gets
older, TOC, N and C:N ratio decrease significantly under Cinnamon Year 10 (C Y10).
Whole soil profile SOC stocks showed increasing under Cinnamon Year 1 (C Y1) but then
tend to decrease as the cinnamon plantations get older. FTIR analysis revealed that topsoil
fPOM contains greater aromatic band (767 and 878) than subsoil whilst fPOM fraction had
decrease in aromatic compound (Band 767, 878, and 931) and carbohydrate (Band 2120)
after the conversion, although aromatic and carbohydrate compounds still lower than natural
condition, all these compounds rise again at 10 year old cinnamon plantation (C Y10). On
the contrary, hydroxyl functional groups (bands 3312) had increase after forest conversion
then rise at C Y10 indicating more biological or microorganism activity. Decomposition
degree of fPOM (Index 1) was higher under forest than all cinnamon plantations but fPOM
recalcitrance (Index Il) was similar under all land use and depth. We conclude that forest
conversion depletes total carbon stocks both in topsoil and subsoil layer and also affected
soil characteristics. Our FTIR study suggest that fPOM composition was influenced by land

use and soil depth. Post decomposition after forest conversion decrease even though rise
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again at year 10 of cinnamon plantation. This finding challenges a need to do better
agricultural practice particularly in preserving longer soil organic carbon.

5.1 Introduction

Tropical regions play an important role in the global carbon cycle because tropical soils
contain 26% of the 1500 Gt of SOC present in soils globally to a depth of 1 m (Batjes, 1996;
Lal, 2017) and 66% (692 Pg C) of atmospheric CO emissions eminate from tropical forests
(Jobbagy and Jackson, 2000). Tropical forest are currently experiencing massive
deforestration for agriculture and urban development (Télle, 2020) and are considered the
second largest net greenhouse gas emission source (12-20%) (Don et al., 2011). Tropical
forest deforestration estimated to release about 0.6 to 1.2 Gt C y ! from topsoils and
vegetation (2000-2010) (van Straaten et al., 2015). However, land use change impacts on
SOC are not confined to topsoils. Changes are equally high in the subsoil, underscoring the
importance of sampling deeper soil layers to deepen our understanding of the magnitude of
the SOC losses and their underlying mechanisms (Don et al., 2011; Harrison et al., 2011;
Lal, 2018; van Straaten et al., 2015).

Shifting cultivation practices, particularly in South East Asia, have been practised for
thousands of years. Still, recent demographic pressures have reduced the fallow period’s
duration, decreasing the system's sustainability (Smith et al., 2016). Land use change from
native vegetation into cash crop vegetation results in SOC loss (Lal, 2004a) due to greater
decomposition rates (Yuste et al., 2007). Land conversion elevates soil temperature by
opening soils to sunlight and increases the decomposition rate of both labile and persistent
organic matter fractions (Fang et al., 2005; Kirschbaum, 1995). Downward movement of
dissolved organic carbon through the soil profile due to precipitation (Kaiser and Kalbitz,
2012) and deep root penetration of new plants releases root exudates that can also prime the
decomposition of carbon buried deep within the soil profile by providing microorganisms
with a fresh carbon source that they can use to co-metabolise deep SOC (Bernal et al., 2016;
Fontaine et al., 2007). The subsoil (below 30 cm) contains the largest SOC pool due to the
high capacity of the subsoil to protect SOC from decomposition (Six et al., 2002). Land use,
soil depth, and thier interaction significantly affect SOC stocks (Li et al., 2016). However,
despite the considerable importance of subsurface SOC, our understanding of the factors
influencing subsoil SOC dynamics and how subsoil SOC stocks are altered by changing

land use is still limited (Gross and Harrison, 2019; Rumpel and Kogel-Knabner, 2011).
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Soils in Indonesia have been, and continue to be, exploited intensively for agriculture,
mostly after conversion from natural forest. Around 877,000 acres forest are annually
cleared for agricultural use and urban development (Tdélle, 2020). However, the true
magnitude of SOC depletion caused by this deforestation and the potential to reverse the
trend of carbon emissions and increase carbon storage using the available range of land
management strategies have not yet been fully and systematically quantified (Minasny et
al., 2017). Hairiah et al. (2001) showed that conversion of forest to rubber plantations
decreases soil C stocks from 55 to 40 Mg C ha* and a more recent study by van Straaten et
al. (2015) found that conversion of natural forest to rubber, oil palm, and cacao plantation

in Jambi Province, Sumatera decreases the topsoil carbon stock by up to 50%.

In Indonesia, particularly in the Kerinci Regency of Jambi Province, Sumatera, shifting
cultivation practices now occur less frequently, but there has been an increase in cinnamon
(Cinnamomum burmanii [Nees & T. Nees] Bl.) agroforestry plantations due to the high
economic value of cinnamon on global markets (Hariyadi and Ticktin, 2012). Cinnamon
(also called cassiavera or cassia) has become one of the most important agricultural
commodities produced in Indonesia. Indonesia contributes 66% of worldwide cinnamon
supply. 85% of Indonesian cinnamon originates from Jambi Province, most of which is
grown in plantations in Kerinci Regency. Moreover, cinnamon products from Kerinci
Regency have a reputation for being high quality (known as Korintji Cinamon) because of
their many superiorities, including aroma, flavour, colour, size, shape and high essential oil
content (Lizawati et al., 2016).

Based on data from the Statistics Office of Kerinci Regency (BPS, 2018), almost all
cinnamon plantations in Kerinci Regency are managed by local farmers employing
agroforestry cropping systems, which are estimated to cover about 40,762 Ha (12.25% of
total regency area). Thus, cinnamon plantations in Kerinci Regency are still managed by
smallholder farmers to suppliment their income (Lizawati et al., 2016). However, expansion
of these plantations is leading to extensive deforestation within the natural forest area
surrounding the Kerinci Seblat National Park (Hariyadi and Ticktin, 2012). The impact of
this land conversion from natural forest to cinnamon plantation on the soil carbon stocks is

unknown.
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We quantified SOC stocks down the soil profile under cinnamon plantations of different
ages in three locations in Kerinci Regency, Jambi Province, Indonesia. We collected soil
cores at 10 cm intervals down the soil profile (to 1 m) to calculate total stocks of SOC under
these land uses and to investigate the effect that natural forest conversion to cinnamon
plantation has on topsoil and subsoil carbon. We then investigated whether the chemical
composition of soil organic matter (SOM) changes down the soil profile and whether this is
different under different land uses. Our aim was to measure topsoil and subsoil carbon
stocks in soils under different ages of cinnamon plantation and compare with SOC stocks
under native forest. We hypothesised that topsoil and subsoil carbon stocks will decrease
with age of cinnamon plantation, and that SOC would decrease with depth. We also
hypothesised that SOC would be more degraded in soils after conversion to cinnamon

plantation, as reflected in the composition of topsoil and subsoil SOM

5.2 Methodology

5.2.1 Study sites and soil sampling

Our study area was in the Kerinci Regency, Jambi Province of Indonesia, located in the
highest elevation land of Jambi Province. The regency is situated between 1° 40’ and 2° 4’
S, 101° 8’ and 101° 50’ E, surrounded by Kerinci Seblat National Park and Kerinci
Mountain. The regency is known for its high quality horticultural production and some cash
crop commodities such as tea, coffee, and cinnamon (BPS, 2019). The elevation of the
sampling sites ranged from 1000 to 1500 m above sea level. Mean annual temperature is
22.9 °C (ranging from 28.9 to 18.6 °C) and mean annual precipitation is 2991 mm, with the
dry season occurring for less than 2 months per year (BPS, 2019). Three locations were
selected following Lizawati et al. (2016) because they were identified as major cinnamon
producing areas in Kerinci Regency. These locations were Lempur, Pungut, and Renah
Kayu Embun (RKE) villages (Figure 5.1).

The soils present at all three villages where samples were taken for this project are classified
as Andosols, as evidenced by the soil map (Figure 5.1). Andosols are soils that are derived
from volcanic materials, are rich in organic matter, have high porosity and usually have a
low bulk density (McDaniel et al., 2012; Takahashi and Shoji, 2002). Despite andosols, or
volcanic ash soils, representing just 0.84% of land globally, they contain approximately 5%
of global soil carbon (Eswaran et al., 1993). Andosols contain allophane and imogolite
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minerals which, besides Al and Fe oxides, are amongst the most effective minerals to bind
SOM, thus making andosol the most carbon-rich mineral soil type (Zieger et al., 2018).

At each village soil samples were collected from four sites; a patch of natural forest and
three cinnamon plantations that were 1, 5, and 10 years old, adopting a random stratified
sampling strategy. Samples were collected by digging a soil pit at each site and collecting a
core every 10 cm down the soil profile to 1 m using a 176.63 cm?® bulk density ring (height

=4 cm, diameter = 7.5 cm), alongside a second sample for chemical analysis.
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Figure 5.1. The three sampling sites, located in the villages of Lempur, Pungut, and
Renah Kayu Embun (RKE), in Kerinci Regency, Jambi Province on the Sumatran
island of Indonesia overlain on a soil map of the Regency (source: Department of
Agriculture, Indonesia).

5.2.2 Laboratory analysis

5.2.2.1 Bulk density, Carbon, Nitrogen and C Stocks

Bulk density of each soil layer was measured on an oven-dry basis by weighing the contents
of each ring after drying at 105°C for 24 hours. Soil samples collected alongside bulk density
rings were air dried and sieved through a 2 mm screen prior to further analysis. Total organic
carbon (TOC) and nitrogen were analysed by dry combustion methods using a Thermo Flash
2000 C/N analyzer. Each duplicate subsample was ground to a fine powder using a ball mill,
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and 10 mg weighed into a tin cup before analysis. 24 replicates of an in-house QC material
that is traceable to GBWQ07412 (certified for N by State Bureau of Technical Supervision,
The People’s Republic of China) and AR-4016 (certified for C by Alpha Resources Inc.
with 1SO 17025 accreditation) were run alongside samples with recoveries of 98.15% +
0.007 and 100.16% + 0.030 for N and C, respectively.

We calculated SOC stocks in each 10 cm soil layer following Guo and Gifford (2002), using
the following equation:
Ct=BDxCc%xD

Where Ct is the SOC stock (Mg ha), BD is the soil bulk density (g cm), SOC is the soil
organic carbon concentration (percentage), and D is the soil sampling thickness (10 cm).
The stocks for each 10 cm soil layer were summed to calculate the SOC stock in Mg ha* to

a depth of 1 m.

5.2.2.2 Particulate organic matter extraction

Free particulate organic matter (fPOM) was obtained by extracting a quantity of air-dried 2
mm sieved soil that was mixed with 80 ml of 1.85 g mI! density sodium polystungstate
(SPT) ina 250 ml centrifuge bottle. The mass of soil extracted was different for each sample
but amounted to 2 mg soil organic carbon per sample (after SOC analysis, described above).
Therefore, every tube contained the same ratio (2:80, w/v) of SOC to SPT (Appendix 3,
Table SI-1). The tubes were shaken for 30 seconds on an end-over-end shaker at 60 rpm and
then centrifuged at 2500 g for 30 min. The supernatant containing the fPOM was
immediately transferred after centrifugation into a 100 ml polypropylene bottle and filtered,
using a Buchner vacuum filtration apparatus through a pre-weighed glass fibre filter (GF/A
Whatman, UK) to obtain the fPOM and then fPOM was brushed off the GF paper and milled
using mortar and pestle prior to fourier transform infrared (FTIR) spectroscopy analysis.
fPOM was also analysed for C and N by dry combustion using a Thermo Flash 2000 C/N
analyzer, as described above for soil samples. Insufficient sample mass prevented the

analysis of all samples.
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5.2.2.3 Fourier Transform Infrared Spectroscopy analysis

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy analysis
was undertaken on samples from selected soil layers (0-10 cm, 20-30 cm, 50-60 cm and 90-
100 cm) at each location and under each land use. Spectra measurement was conducted
using a Perkin Elmer Spectrum 100 FTIR Spectrometer in the region from 4200 to 650 cm"
! recording 40 scans per spectra at a resolution of 4 cm™.

Spectra observation identified 11 prominent peaks and shoulders that were present in most
samples which indicate organic functional groups. Individual peaks were assigned to
functional groups, as outlined in Appendix 3 (Table SI-2). The broad intense band at about
3312 cm™ was assigned to the stretching vibrations of H-bonded hydroxyl (O-H) groups of
phenols but may also represent amine (N-H) stretching (Solomon et al., 2005). The weak
stretch vibration bands at about 2920 and 2851 cm™ were assigned to vibrations of
asymmetric and symmetric aliphatic (CHs and CH>) groups (Ellerbrock and Gerke, 2004;
Kaiser and Ellerbrock, 2005; Solomon et al., 2005). The broad band at 1615 cm™ was
assigned primarily to aromatic C=0 stretching vibrations of the COO" anion to a lesser
extent to conjugated carbonyl-C (C O) such as quinones (Ellerbrock and Kaiser, 2005;
Solomon et al., 2005), while the band around 1410 cm™ was considered to have originated
from aliphatic (C—H) deformation of CH2 or CHz groups (Solomon et al., 2005; Xing et al.,
2019). The band which appeared in the 1221 cm™ region was attributed to C-O stretch in
carboxylic acid, phenol C-O asymmetric stretch, and OH deformation (Fultz et al., 2014).
The strong band at about 1072 cm* was attributed to C-O stretching vibrations of C-O-C
groups (Ellerbrock and Kaiser, 2005). The weak vibrations at band 931 cm™ were
considered indicative of bending vibrations of aromatic C-H (Margenot et al., 2015a), while
the strong band at 878 cm™ was also attributed to bending vibrations of less substituted
aromatic C-H (Margenot et al., 2015a). The strong band at 767 was attributed to aromatic
C-H with 3-4 adjacent H deformation (Ascough et al., 2011).

FTIR spectra were then standardised by z-scoring (mean centring and dividing by the
standard deviation for each individual spectra) before data analysis (Hobley et al., 2017Db).
The z-score for each of the 11 prominent peaks were taken forward to determine the impact

of plantation age and soil depth on the prevalence of functional groups in fPOM.
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Furthermore, to attribute differences in fPOM functional groups to SOM quality, two
indices were calculated using the relative absorbance (before Z scoring standardization) of
specific bands (Haberhauer et al., 1998; Margenot et al., 2015a). To calculate the relative
absorbance of each of the 11 bands used in the indices, we divided the peak height of a
distinct peak (e.g., 3312, 2920, 2851, 2120, 1615, 1410, 1221, 1072, 931, 878 or 767 cm™)
by the sum of the heights of all peaks at 3312, 2920, 2851, 2120, 1615, 1410, 1221, 1072,
931, 878 and 767 cm™* and multiplied it by 100 (Haberhauer et al., 1998). The two indices
were then calculated as ratios of the relative absorbance of groups of bands representing
functional group types (e.g., aliphatic, O-functional group) which in previous studies have
been established as indices of relative decomposition and recalcitrance of SOM (Margenot
etal., 2015):

16154+931+878+767
Index | =
2920+2851+1410
292042851+1615+1410+931+878+767
Index Il =

3312+1221+1072+2120

Index | is considered to indicate the degree of decomposition as represented by the ratio of
aromatic to aliphatic functional groups because the ratios of bands representing these two
functional groups have been shown to increase with increasing degree of decomposition
(Hsu and Lo, 1999). Index Il represents relative recalcitrance of SOM (and hence resistance
to decomposition) by determining a ratio of C functionality (aromatic and aliphatic,
respectively) to O-functional groups where an increase of which is thought to be associated

with greater recalcitrance of SOM (Margenot et al., 2015a; Veum et al., 2014).

5.2.3 Statistical analysis

All statistical analyses were performed using Minitab v. 18. The Johnson transformation
was carried out to get data normally distributed prior to running a Mixed effects model
(MEM). The Johnson transformation system based on derivation of the moments of the
distribution which is appropriate for reducing skewness and to approximate normality
(Senvar and Sennaroglu, 2016). The MEM analysis used land use and soil depth as fixed
factors, whereas location was a random factor. Response variables were the bulk density,
TOC, N, C/N ratio, SOC stocks, FTIR z-scores, and FTIR indices. The estimation method
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used was the Restricted maximum likelihood (REML) and test method for fixed effects used
the Kenward-Roger approximation, followed by a Tukey multiple comparison test (p<0.05).

5.3 Results

5.3.1 Soil physico-chemical properties

All soils had a low bulk density which was consistently under 1.0 g cm™, ranging from 0.48
to 0.68 g cm™ (Table 5.1) and increased down the soil profile, with statistically significant
(p<0.05) differences observed, particularly between the top and bottom layers (Table 5.2;
Figure 5.2). Statistical analysis indicated that forest soil (0.68 + 0.05 g cm™) had a
significantly (p<0.05) greater bulk density than 1 year old cinnamon plantation (0.48 + 0.03
g cm®), while no significant (p>0.05) differences were observed between the bulk density
of 10-year-old (0.60 + 0.05 g cm™) and 5-year-old (0.53 + 0.03 g cm®) cinnamon plantations
(Table 5.1).

Conversion from natural forest to cinnamon plantation altered total organic carbon (TOC)
concentrations in soils. The average TOC concentration down the soil profile of the natural
forest (54.5 + 10.2 g kg™) was significantly lower (p>0.05) than the concentration of soils
1 year after conversion to cinnamon plantation (68.61 + 6.22 g kg™?) but then tended to
decrease significantly (p<0.05) as the plantation ageed, particularly when the plantation
reached 10 years old (39.34 + 5.59 g kg*). Topsoil had significantly (p<0.05) greater TOC
concentrations than subsoils (Table 5.2).

Similarto TOC, N concentration revealed a similar pattern whereby, compared to the natural
forest (3.71 + 0.71 g kg%), N increased significantly (p>0.05) to 4.75 + 0.40 g kg in the 1-
year-old plantation, but then decreased as the plantation became 5 (4.04 + 0.47 g kg?) and
10 (3.02 + 0.37 g kg?) years old. When comparing the 1-year-old plantations with the 10-
year-old plantations, average N concentrations were significantly (p<0.05) lower in the 10-
year-old plantations (Table 5.1). Table 5.2 shows that top layer (0-10 cm) had significantly
(p<0.05) greater concentrations of N than deeper layers (20-100 cm).

The C/N ratio of the soils significantly (p<0.05) decreased with time after conversion to
cinnamon plantation (Table 5.1). The C/N ratio of the forest soils (15.54 + 0.45) were
significantly greater (p<0.05) than the soils from 5-year-old (13.78 £ 0.32) and 10-year-old
(12.61 £ 0.74) cinnamon plantations but were not significantly different (p>0.05) to the 1-
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year-old (14.13 £ 0.32) plantations. However, there were no significant differences in C/N
ratio between any layers down the soil profile (Table 5.2).

Table 5.1. Soil properties in the top 1 m of the soil profile under natural forest and 1-,
5-, and 10-year-old cinnamon plantations from three locations in the Kerinci Regency,
Jambi Province of Indonesia (mean + standard error mean, n = 30)

Land Use Bulk Degsny Total Organic C_alrbon Total 1N C/N ratio
(g cm™) (TOC) (g kg™) (9 kg™)
Forest 0.68+0.05a  54.50+ 10.2 bc 3.71+£0.71b 1554+0.45a
Cinnamon Y1 048+0.03b 68.61+6.22a 475+040a 14.13+0.32ab
Cinnamon Y5 0.53+0.03ab 54.36 +5.95ab 404+047ab 13.78+0.32b
Cinnamon Y10 0.60x0.05ab 39.34+559c 3.02+£037b 1261+0.74b

Different letters within a column represent statistically significant differences at a = 0.05.
Data were averaged across all of 10 depth increments and all three locations (Lempur, RKE
and Pungut) for each land use.

Table 5.2. Soil properties in successive 10 cm intervals in the top 1 m of the soil profile
in the Kerinci Regency, Jambi Province of Indonesia (mean * standard error mean,
n=12)

Depth Bulk Density ~ Total organic carbon Total N _ C Stock

(cm) (gcm®) (TOC) (g kg (9kg?) G ratio (Mg Ha®)
0-10cm 0.44+0.04b  118.22+12.98a 8.55+0.87 a 13.69+0.38a 49.33+5.8a
10-20cm 0.45+0.04ab 83.87+12.58ab 6.18 £0.92 ab 13.70+0.51a 3542+5.1ab
20-30cm 0.52+0.05ab 68.88+8.84bc 4.93+0.64 bc 1415+ 0.63a 34.24+53ab
30-40cm 0.53+0.06ab 60.57 £9.07 bcd 4.09+052bcd 14.44+0.80a 27.88%3.7hc
40-50cm 0.58+0.06ab 52.44 +8.34 bcde 3.59+0.49 bcde 14.37+0.72a 26.31+3.3bc
50-60cm 0.62+0.08ab 42.81 + 8.08 cdef 292+ 047 cdef 1436+0.77a 22.13%+2.9hbcd
60-70cm 0.62+0.07ab  37.05 £ 7.50 def 2.67+0.43 cdef 13.96+0.83a 19.52+2.7cd
70-80cm 0.64 £0.08ab  31.36 + 6.29 def 234+040def 13.81+0.85a 15.67+1.8cd
80-90cm 0.65+0.07 a 25.87 + 4.42 ef 1.93+0.29 ef 1452+131a 1456+21d
90-100cm  0.67+0.07a  20.96+3.08f 1.61+0.20f 13.13+1.20a 12.27+1.7d

Different letters within a column represent statistically significant differences at o = 0.05.
Data were averaged across all four land uses (Forest and 1, 5, and 10 year old cinnamon
plantations) and all three locations (Lempur, RKE and Pungut) at each depth.
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5.3.2 Soil carbon stocks

On average, carbon stocks of the 10 cm layers decreased significantly (p<0.05) down the
soil profile (Figure 5.2; Table 5.2). Statistical analysis revealed significant (p<0.05)
differences between SOC stocks at the different plantation ages (Table 5.3). Carbon stocks
to 1 m soil depth under 1 year old cinnamon plantations (294.83 + 21.94 Mg Ha™) were the
greatest and were significantly (p<0.05) greater than those observed in 10-year-old
cinnamon plantations (180.85 + 22.01 Mg Ha?), but not significantly (p>0.05) different to
the forest soils (278.05 + 42.06 Mg Ha™) or the 5-year-old cinnamon plantations (275.43 +
27.13 Mg Ha?) (Table 5.3).

The impact of soil depth and land use on carbon stocks was further investigated by
calculating stocks based on topsoil (0-30cm) and subsoil (30-100cm) layers, as shown in
Figure 5.3. In the topsoil layers, forest soils (143.0 + 37.9 Mg Ha™) had the greatest stocks,
which were significantly (p<0.05) greater than the 10-year-old cinnamon plantations (83.1
+ 22.5 Mg Hal), but not significantly different (p>0.05) to either the 5-year-old (136.6 +
8.25 Mg Hal) or 1-year-old (113.0 + 21.6 Mg Ha™) cinnamon plantations (Table 5.3).
Interestingly, 1-year-old cinnamon plantations had the largest subsoil C stocks (181.8 + 12.1
Mg Hal), and these were significantly (p<0.05) greater than forest subsoil C stocks (135.0
+42.9 Mg Ha') and 10-year-old cinnamon plantation subsoil C stocks (97.7 + 33.7 Mg Ha™
Y, but not significantly (p>0.05) different to 5-year-old cinnamon plantation subsoil C
stocks (138.8 + 31.7 Mg Ha?) (Table 5.3).

Table 5.3. SOC stocks (Mg Ha!) (mean + standard error mean, n=3) under different
land uses and layers; topsoil (0-30cm), subsoil (30-100cm) and whole 1 m depth.

Land use C stocks (Mg Ha?)
Topsoil Subsoil 1m
Forest 143.0+37.9ab 135.0+429D 278.0x74.1a
CcYl 113.0+21.6ab 181.8+121a 2948+ 122a
CY5 136.6 £8.25a 138.8+31.7ab 2754+399a
CY10 83.1+£225D 97.7+33.7D 180.8+£55.6b

Different letters within a column represent statistically significant differences at o = 0.05
Data were averaged across all three locations (Lempur, RKE and Pungut).
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5.3.3 TOC, N, CN ratio and Organic carbon functional groups identified in fPOM
TOC, N and C N ratio of fPOM fraction were not significantly different (P>0.05) under all
land uses (Table 5.4, Fig. 5.4). Although treatments were not significantly different from
one another, the TOC and N of fPOM had a similar pattern to SOC and total N, as shown
in Table 5.4. TOC and total N of fPOM increased 1 year after forest conversion but then
decreased after 5 and 10 years of plantation (Table 5.4). Meanwhile, the C N ratio of fPOM
slghtly increased 1 year after plantation establishment, but then decreased after 5 and 10
years (Table 5.4).

Along the soil profile, we found that fPOM TOC, Total N, and C N ratio were significantly
different between topsoil and subsoil (Table 5.5, Fig. 5.4). TOC and Total N of fPOM were
greater in topsoil than subsoil whereas C N ratio was lower in topsoil and tended to increase
with depth (Table 5.5, Fig. 5.4). Unfortunately, for C Y5, we obtained insufficient fPOM
from the SOC fractionation to be analysed for C and N concentration in the subsoil layer,
so the graph only shows the trend until 20-30 cm depth. However, we assume the trend
would be similar with other land uses that showed decreasing (C and N concentration) and

increasing (C N ratio) with depth (Figure 5.4).

71



BD (g cm) 8D (g cm?) BD (g cm) 8D (g cm?)

0.00 025 050 0.75 1.00 0.00 025 a.50 0.75 1.00 125 0.00 020 040 0.60 0.80 1.00 0.00 0.25 050 075 1.00 1.25
04 o 4 o 0
104a —&—Forest 04b ——Forest g | o —a—roest 01 d Focest
—+—CY1 +—C¥1 ——cv1 — v
20 20 20 20
—m—CY5 —.—CY5 —m—cYs - Cvs
= % —e—Cvio g —e—cvio Y —e—cvio 30 & CY10
E 40 10 40 a0
£ 50 50 50 50
£ +
o0 60 60 \ 60
70 70 70 70
80 80 20 50
90 %0 £
. 90
100 100 100 100
Clgke?) Cleke?) Claks') Clgkg?)
0 40 80 120 160 200 240 0 40 80 120 160 200 240 0 40 80 120 160 200 240 o 40 80 120 160 200 240
o+ o N . . o
10 b w4 C 10 d
20 20 20
_ 30 30 30
E 40 40 ’> 40 \
= 50 50 50
B 60 60
g 60 ]
70 —&— Forest 70 —a—Forest 70 —a— Forest
80 —+—CY1 ——C11
b E :; a0 mcvs P —&—CY5
90 —a- —a—cCyip 0 —e—CY10
100 —e—C Y10 100 100
Nigke') Nigkg?) Nigke)
0 2 4 6 8 10 12 14 16 [1] 2 a -] 8 10 12 14 16 0 2 4 6 8 10 12 14 16
\ a 0+ 0 1
d wi{b hi w4 c w0{d
20 20 20
30 30 30
E 20 a0 ] a0
= 50 ] 50 50
g 60 ) 60 60 /
—aForest 70 —a—Forest 70 —a— Forest 70
8 ——cY1 20 —+—Cvl 80 1 80 —— Forest
ac —|—CYs 90 - cvs ——Cv1
% o o —e—cv10 . (Y10 0 -5
100 ——CY10 100 100 100 —e—CY10
C:N Ratio C€:N Ratio C:N Ratio) C:N ratio

o a4 8 12 16 20 24 28 8 12 16 20 24 28 o 4 8 12 16 20 24 28 8 12 1 20 24 28
0 4

0 4 o 4
0 4 o X
w4 ad —a—Foest 104 b —a—Forest 104 C —a—Forest 10 d —&— Forest
20 —+—CY1 20 ——CY1 20 ——CV1 20 :g g

o Y5 20 i, o s a0 —e—CYi0

—8—CY10 20 40 —e—CY10 40

50 50 50

60 60 60

70 70

a2 a0 80

f 90 90 90

100 100

E a0
= s0
§ e
S 5 70
80
S0
100 100
C Stocks (Mg/Ha) C Stocks (Mg/Ha) C Stocks (Mg/Ha) C Stocks [Mg/Ha)
0 10 20 30 40 50 60 70 BO 90 10 O 10 20 30 40 50 60 0O 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 7O B0 20 100
a 0 0% 0+
w03 w0l b w{ C w]d
20 20 20 20
= 30 30 30 30
Ew 0 40 20
=z s0 50 50 50 "
= 60 —&—Forest 60 60
g —&— Forest —&— Forest 60
S 70 ——cv1 70 70 —e—CY1 70 *;ﬂ‘f;“
80 ‘r‘\ —&—CY! 8O 80 —|—CY5 80 —|—CY5
90 », —e—cYl0 90 —e—CY10 g —e—CY10 % o
1 o 100 100

Figure 5.2. Bulk density (g cm), Total organic carbon (TOC) (g kg™), total nitrogen
(g kg?), C/N ratio, and SOC stocks at 10 cm depth increments to 1 m under forest and
several different ages of Cinnamon plantation (1, 5, and 10 years old, respectively) at
Lempur (a), Pungut (b) and Renah Kayu Embun (c) locations in Kerinci, Jambi
Province, Indonesia. Graph (d) of each parameter shows the mean values from all
three locations and error bars represent the standard errors of the mean using the
three locations as replicates (n = 3).
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Figure 5.3. Mean SOC stocks in Mg Ha! (a) and in percentage (b) between topsoil (0-
30 cm) and subsoil (30-100 cm) layers under natural forest and three different ages of
cinnamon plantation (i.e. at year 1 (C Y1), year 5 (C Y5) and year 10 (C Y10) after
conversion from natural forest from three locations (Lempur, RKE and Pungut) in the

Kerinci Regency, Jambi Province of Indonesia (n = 3).
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Table 5.4 fPOM concentration of Total organic carbon (TOC) (g/kg), Total N (g/kg)
and C/N ratio under different land uses (mean * standard error of the mean).

Landuse TOC (g/kg) Total N (g/kg) C N Ratio

Forest 121.67+1156a 7.22+0.89a 1746 £0.77 a
Cinnamon Y1 133.75+1168a 7.64+0.66a 17.77£0.90 a
Cinnamon Y5 109.39+1094a 833+x1.22a 1351+0.65a
Cinnamon Y10 117.82+8.76 a 7.22+0.89a 16.20+1.54 a

Different letters within a column represent statistically significant differences at a = 0.05.
Data are the mean of four selected depths (0-10 cm, 20-30 cm, 50-60 cm, and 90-100 cm)
and three different locations (Lempur, RKE and Pungut) for each land use.

Table 5.5 fPOM concentration of Total organic carbon (TOC) (g/kg), Total N (g/kg)
and C/N ratio for selected topsoil (0-10 cm and 20-30 cm) and subsoil (50-60 cm and
90-100 cm) layers (mean * standard error of the mean)

Soil Depth TOC (g/kg) Total N (g/kg) C N Ratio
0-10cm 135.38 £ 7.60 a 9.24+0.54 a 1478 £ 0.56 b
20-30cm 123.87 £ 12.21 ab 743+£055D 16.72 £ 1.06 ab
50 - 60 cm 11592 +1291ab  588+054b 19.69+0.93 a
90 - 100 cm 93.86 £13.96 b 552+0091b 17.57 £+ 1.65 ab

Different letters within a column represent statistically significant differences at a = 0.05.
Data were averaged across all four land uses (Forest and 1, 5, and 10 year old cinnamon
plantations) and all three locations (Lempur, RKE and Pungut) at each selected depth.

The raw FTIR-ATR spectra of the fPOM fraction (Appendix 3, Figure SI-1) revealed
several characteristic major absorbance peaks representing the molecular structure of fPOM
in the frequency range of 4000 to 600 cm™. Although the influence of soil depth and land
use on the z-score transformed absorbance of all 11 identified peaks observed in the FTIR
spectra of fPOM were analysed using MEM (Table SI-3), only bands attributed to aromatic
C-H (bands 767, 878, and 931) and O functional groups (bands 3312) and carbohydrate
(2120) significantly differed (p < 0.05) with land use (Table 5.6; Figure 5.5). All these bands
showed a similar pattern with absorbance intensity in the order Forest > Cinnamon Year 1
> Cinnamon Year 10 > Cinnamon Year 5, except band 3312, which showed the opposite

(i.e., Forest < Cinnamon Year 1 < Cinnamon Year 10 < Cinnamon Year 5).
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Figure 5.4 Concentration of Total organic carbon (TOC), Total N (g/kg) and C N ratio

of fPOM under different forest and various cinnamon plantation ages down the soil

profile. Data were averaged across all study locations (Lempur, RKE and Pungut), n

=3.
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Table 5.6. Relative absorbance (z-score transformed absorbance) of selected bands
obtained from Fourier-transform infrared (FTIR) spectra of free particulate organic
matter (fPOM) down the soil profile under natural forest and three different ages of
cinnamon plantation; Cinnamon plantation year 1 (C Y1), Cinnamon plantation year
5(C Y5) and Cinnamon plantation year 10 (C Y10). from three locations in the Kerinci
Regency, Jambi Province of Indonesia (mean + standard error mean, n = 12)

Band (cm™)/ Land use

Index no. Forest Cinnamon Y1  Cinnamon Y5  Cinnamon Y10
767 2.79+0.26 a 276+047a 165+042b 203%0.19ab
878 298+0.12a 238+0.32ab 156+0.29c 225+0.12b
931 1.81+0.08 a 1.65+0.13ab 1.22+022b 1.42+0.09ab
2120 -0.55+0.03ab -0.59+0.03ab -048+0.08a -0.68+£0.01b
3312 1.05+0.15b 160+0.10a 180+0.19a 1.61+0.06a
Index | 1.78 £0.08 a 150+0.06ab 141+0.08b 1.66+0.08ab

Different letters within a row represent statistically significant differences at a. = 0.05.
Data are the mean of four selected depths (0-10 cm, 20-30 cm, 50-60 cm, and 90-100 cm)
and three different locations (Lempur, RKE and Pungut) for each land use.

Table 5.7. Relative absorbance (z-score transformed absorbance) of selected bands
obtained from Fourier-transform infrared (FTIR) spectra of free particulate organic
matter (fFPOM) from selected topsoil (0-10 cm and 20-30 cm) and subsoil (50-60 cm
and 90-100 cm) layers of the soil profile under natural forest and three different ages
of cinnamon plantation from three locations in the Kerinci Regency, Jambi Province
of Indonesia (mean * standard error mean, n = 12)

Soil layer Bands
767 878
0-10 cm 3.03+£0.352a 2.70+0.20 a

20-30 cm 252+0.31ab 244 £0.22 ab
50-60 cm 181+041b 2.01+£0.33b
90-100 cm 1.86+0.33b 201+0.28b

Different letters within a column represent statistically significant differences at a = 0.05.
Data were averaged across all four land uses (Forest and 1, 5, and 10 year old cinnamon
plantations) and all three locations (Lempur, RKE and Pungut) at each selected depth.
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The z-score transformed absorbance at bands 767 and 878 significantly differed (p < 0.05)
with soil depth (Table 5.7; Figure 5.5). The intensity of absorbance of aromatic C-H (bands
878 and 767) decreased significantly (p < 0.05) with depth (Table 5.7), indicating that the
aromaticity of fPOM in topsoil is significantly (p < 0.05) greater than the fPOM found in
the subsoil layer of the soil profile.

MEM analysis of the FTIR band indices of SOM decomposition (Index I) and recalcitrance
(Index I1) showed that index I significantly differed with land use (p < 0.05), but not depth
(p > 0.05). Despite index Il showed no significant difference with either land use or depth,
forest had slightly higher value compare with all cinnamon plantations and soil depth
(Figure 5.6; Appendix 3, Table SI-3). Index I, which represents the abundance of aromatic
C=C and C-H functional groups, relative to aliphatic C-H functional groups, categorised the
land uses in the order; Forest > Cinnamon Year 10 > Cinnamon Year 1 > Cinnamon Year 5
(Table 5.6). fPOM from the Forest soils had a significantly higher (p < 0.05) index | value
than the 5-year-old cinnamon plantation soils but were not significantly different (p > 0.05)
to 1 year old or 10-year-old cinnamon plantations (Table 5.6). This trend shows that the
degree to which fPOM was decomposed decreased after forest conversion until year 5 of
cinnamon plantation, but then increased again after 10 years.
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Figure 5.5. Relative absorbance (z-score transformed absorbance) of selected bands
obtained from Fourier-transform infrared (FTIR) spectra of free particulate organic
matter (fPOM) fraction down the soil profile under natural forest and three different
ages of cinnamon plantation; Cinnamon plantation year 1 (C Y1), Cinnamon
plantation year 5 (C Y5) and Cinnamon plantation year 10 (C Y10) from three
locations in the Kerinci Regency, Jambi Province of Indonesia, which were each used
as replicates. (mean + standard error mean, n = 12).
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Figure 5.6. Fourier-transform infrared (FTIR) derived indices corresponding to free
particulate organic matter (fPOM) degree of decomposition (Index 1) and
recalcitrance (Index I1) down the soil profile under natural forest and three different
ages of cinnamon plantation; Cinnamon plantation year 1 (C Y1), Cinnamon
plantation year 5 (C Y5) and Cinnamon plantation year 10 (C Y10) from three
locations in the Kerinci Regency, Jambi Province of Indonesia. (mean * standard error
mean). Data are the mean of three locations (Lempur, RKE and Pungut).
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5.4 Discussion

5.4.1 Topsoil and subsoil carbon stocks in tropical Andosols

The size of the C stock that we measured (Table 5.3) in the top 1 m of soil under the natural
rainforest in the Kerinci Regency of Jambi Province in Indonesia (278.0 + 74.1 Mg Ha?)
was slightly smaller than global average andosol C stocks (290+18 Mg Ha™) reported by
Batjes (1996) and considerably lower than andosol C stocks measured in tropical rain forests
in Hawaii (375+83 Mg Ha) by Marin-Spiotta et al. (2011), in the Amazon basin (301 Mg
Hal) by Zieger et al. (2018) and in Ecuadorian forests (530+10 Mg Ha) by Tonneijck et
al. (2010). In agreement with our observations, about 50% of total C stocks in rainforest
soils were observed by Marin-Spiotta et al. (2011) to be stored in subsoil layer. However,

global soil data found that subsoils typically contain around 55% C stocks (Batjes, 1996).

5.4.2 Effect of land use change on soil organic matter and carbon stocks

The low soil bulk density that we observed (Table 5.1) under all study sites (0.48 - 0.68 g
cm™) is similar to observations made on other Indonesian andosols (0.37 — 0.9 g cm?) by
Sukarman and Dariah (2014) and within the range of global data (0.28 — 0.99 g cm™)
reported by Batjes (1996). Moreover, our data reveal a significant decrease in bulk density
that occurs in the first year after conversion from forest to cinnamon plantation. During the
first year of conversion from forest to cinnamon, farmers usually intercrop cinnamon trees

with annual crops such as chilli and upland rice (Hariyadi and Ticktin, 2012).

Several other studies undertaken on tropical soils found an increase in bulk density due to
the impact of conversion from forest to cultivated land, alongside a decreasing in SOC
(Bizuhoraho et al., 2018; Choudhary et al., 2016; Don et al., 2011; Murty et al., 2002).
However, in other soils bulk density was even lower in agricultural soil than forest soils
(Deng et al., 2016; Murty et al., 2002). We revealed a decrease in bulk density during the
initial year of forest conversion, together with an increase in SOC content, but then an
increase in bulk density over time as the plantation gets more established. The main factor
here is the content of SOC that becomes depleted over time and acts as an important factor
in determining the decrease in bulk density (Al-shammary et al., 2018; Chaudhari et al.,
2013). Because there are different bulk densities under different ages of plantation, using a

fixed depth to quantify soil carbon stocks could result in errors and distort the comparison
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of carbon stocks between different ages of plantation. To address this issue, stocks could be

quantified on an ‘equivalent soil mass’ basis (von Haden et al., 2020).

The significant decrease of bulk density after forest conversion to cinnamon plantation is
probably partly due to an increase in pyrogenic soil organic matter (Thomaz, 2017; Thomaz
et al., 2014), which has a lower density than mineral soil or fresh SOM, entering the soil
due to the slashing and burning of vegetation prior to cultivation (McDaniel et al., 2012).
However, we would have expected this explanation to be supported by greater recalcitrance
of the fPOM after conversion, but this was not observed in our analysis (Figure 5.6). Studies
on the impact of fire associated with shifting cultivation (Ando et al., 2014; Tanaka et al.,
2001) found that burning increases soil organic C and N, which we did observe (Figure 5.2).
However, the cleared land is only fertile for a couple of years before the nutrients released

by slash and burn are exhausted (Sukarman and Dariah, 2014).

After an initial increase during conversion from natural forest to cinnamon plantation, we
observed decreasing total C and N concentrations along a chronosequence of cinnamon
plantations with increasing age (Table 5.1). The initial increase one year after conversion is
likely due to a high input of organic matter from slash and burn activities when clearing the
forest. In particular, we observed that the subsoil carbon stock increased 1 year after forest
conversion to Cinnamon plantation, although the stock then tends to decrease gradually as
the cinnamon plantation get older (Table 5.3; Figure 5.3). We observed a significant
decrease in soil bulk density in the first year after conversion from forest vegetation (0.68 +
0.05 g cm™®) to cinnamon plantation (0.48 + 0.03 g cm™). This decrease in bulk density not
only directly influences the C stocks, it also causes the soil to become more porous resulting
more SOM transported by leaching to the subsoil, leading to an increase in the C and N
concentration (Figure 5.2) and carbon stock (Figure 5.3) in the subsoil, as also noted in a
review of shifting cultivation systems by Ribeiro Filho et al. (2013). Supporting this
interpretation is the observed increase in the proportion of the C stock that is stored in the
subsoil layer in the soils converted from forest to cinnamon plantations of all ages. Zieger
et al. (2018) revealed that larger C stocks in subsoils of andosols than topsoils, despite high
SOC inputs were because of the limited binding capacities of topsoil mineral phases.
Therefore, the less strongly bound SOM entering topsoils moves through the soil profile to
deeper layers of the soil due to leaching water processes (Kaiser and Kalbitz, 2012) and

most likely is largely leached out of the top 1 m within 5 years of conversion.
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Our finding that land use change ultimately reduces soil C stocks in the long term (Figure
5.3) is in accordance with several studies on carbon stocks that report SOC losses after land
uses conversion from primary forest to agricultural land (Don et al., 2011; Filho et al., 2013;
Lal, 2018; van Straaten et al., 2015). However, the approximately 6% increase in C stocks
under cinnamon just one year after conversion from forest vegetation is less commonly
reported. It probably as a result of an increase in mineral carbon (black carbon) and
carbonated matter (Filho et al., 2015). However, the 1 m C stocks decrease gradually as the
cinnamon plantation gets older. This finding is supported by the fact declining of
carbohydrate groups (Table 5.6) as cinnamon plantation gets older showing less input fresh
material (Hsu and Lo, 1999). The low C N ratio (Table 5.4) and increasing hydroxyl groups
content (Table 5.6) indicating faster decomposition leading to SOC loss (Hsu and Lo, 1999;
Veum et al., 2014; Yeasmin et al., 2020). Losses of soil C, particularly fPOM under regular
cultivation are well established in the literature, and usually occur within a few years of
starting cultivation (Ashagrie et al., 2007; Murty et al., 2002).

5.4.3 Effect of land use change on soil organic matter quality at depth

While we observed no effect of bulk soil depth on soil C/N ratio, we did observe that C/N
ratio decreased significantly with time after conversion to cinnamon plantation, largely
because C decreases to a greater extent than N. The decrease in soil C may have been caused
by C loss as CO> during the decomposition process in the absence of N losses from the soil
(Jobbagy and Jackson, 2000). The decreases in soil C/N ratios after conversion may reflect
enhanced microbial processing of soils and/or improved quality of organic matter input (van
Straaten et al., 2015). We investigated this further by obtaining the fPOM fraction of the
SOM since this is the fraction that is most easily accessible by soil organisms and thus drives

many soils functions (Hoffland et al., 2020; Lavallee et al., 2019).

In accordance with the study of Guo et al. (2010), we also found that fPOM from different
land uses have similar FTIR spectra (Appendix 3, Figure SI-1). Further investigation of the
fPOM fractions indicated that the carbon content of fPOM decreases down the soil profile
perhaps indicating that a major source of fPOM in subsoils is from leaching of DOC from
the topsoil (Marin-Spiotta et al., 2011). Decreasing aromatic C-H groups down the soil
profile could imply that there is less fresh plant material (e.g., carbohydrates and lignin) in
the subsoil, while a higher C/N ratio of the fPOM indicates that the fPOM in the subsoil is

less microbially processed (Veum et al., 2014). Because there are fewer fresh plant inputs,
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the fPOM in the subsoil may be older and already have undergone microbial processing in
the topsoil before it leached. However, greater C/N ratio in subsoils than topsoils is probably
also indicator of a different source of fPOM between both layers whereby the subsoil layer
mainly consists of carbon from fine root contribution (Soucémarianadin et al., 2019) that
has higher C/N ratios (50-60) (Hobbie et al., 2010), compared with C/N ratios of fresh
foliage or humus layers which range between 10 and 32 (Cools et al., 2014).

We observed that the degree of decomposition (Index I) of the fPOM fraction of SOM was
greatest in the forest soils and that this tends to decrease after conversion to cinnamon
plantation, but increases again 10 years after conversion (Table 5.4, Figure 5.5). The
differences between land use that we observe here are clearly seen at Table 5.6 where the
proportion of aromatic groups (band 767, 878, 931) in the forest soils were greater than soils
after conversion indicating more decomposed carbon (Veum et al., 2014). This also arises
because of more litter input from vegetation to forest soil, leading to higher decomposition
rates by microorganism (Jobbagy and Jackson, 2000). Although the total C stocks of a 10-
year-old cinnamon plantation are still the lowest of all the land uses surveyed, the degree of
decomposition of the fPOM is higher than freshly converted plantations, which
demonstrates the progression of decay of the flush of fresh organic inputs that resulted from
the slash and burn activities (Margenot et al., 2015a). Further observation of fPOM quality
at depth shows the decreasing content of aromatic-C with depth, indicating less microbial
activity happens in the down 1 m depth. All these findings are supported by the study of
Soucémarianadin et al. (2019) which revealed that fPOM chemistry variations depending

on vegetation and soil depth.

5.5 Conclusion

Subsoils contain approximately half of soil carbon stocks, but fresh organic matter decreases
down the soil profile, as evidenced by the reduction in aromatic and carbohydrate groups in
subsoil particulate organic matter relative to topsoil particulate organic matter. In the first
year after conversion from forest, the slash and burn activities added pyrogenic carbon into
the soil, which then leached down the soil profile, as evidenced by an increase in bulk
density, higher C and N concentrations but a lower C/N ratio, higher subsoil carbon stocks
and more aliphatic groups in the subsoil particulate organic matter, leading to a lower degree
of decomposition. These observations, made one year after plantation establishment, do not

support our hypothesis that topsoil and subsoil carbon stocks decrease and SOC becomes
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more degraded with age of cinnamon plantation. However, comparing the forest with the
older cinnamon plantations, there is less fresh litter input, as evidenced by topsoil and
subsoil carbon stocks decreasing over time, a decrease in the carbohydrate and increase in
hydroxyl groups in particulate organic matter of older cinnamon plantation, an increase in
bulk density and decrease in the degree of decomposition of particulate soil organic matter.
These observations do support our hypothesis and cause us to qualify that these observations
only emerge several years after forest conversion to cinnamon plantation. Further research
is required related to litter inputs and processes involved in the stabilisation of SOC down
the soil profile, since these processes are likely to play a key role in tropical forest soil C
sequestration. Future work should include elucidating the underlying mechanisms. Finally,
applying good agricultural practices (such as avoiding burning when land clearing, applying
cover crops, selective harvesting instead of total cutting down all vegetation at the same
time, increasing harvest time up to year 15) are important to mitigate the loss of SOC from

the soil and may increase yield for farmers.
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Chapter VI — General Discussion

6.1. The dynamics of soil organic carbon under different land use in tropical and
temperate soils

It is well known that soil organic carbon (SOC) content depends on vegetation as a source
of fresh organic matter (Jobbagy and Jackson, 2000). As discussed in Chapter 3, this thesis
confirms that SOC concentration in UK soils is influenced by vegetation, as revealed by the
finding that woodland soils have significantly higher SOC concentrations, compared with
agricultural land (grassland and arable). Also, in Chapter 5, a study on Indonesian Andosols
showed that conversion from native forest to cinnamon plantation resulted the depletion of
SOC,; exhibited by a decrease in SOC stocks with increasing age of plantation. Both studies
in UK and Indonesia revealed that soils under native vegetation contain higher quantities of
SOC; as found in numerous other studies (Bradley et al., 2005; Guo and Gifford, 2002;
Hendrickson, 2012; Murty et al., 2002; van Straaten et al., 2015). These chapters provide
useful data that quantifies the impact of land use change on soil carbon that are of
importance to policy makers interested in reducing greenhouse gas emissions.

On average, Indonesian tropical forest soils contain more SOC than UK temperate
woodlands. This phenomenon is explained by Blais et al. (2005) who found that the carbon
density in the top 1 meter of temperate woodland and tropical forest soil differ between 8.5
and 13.9 kg C/m? because tropical forest has very high flora diversity (200-300 tree species
per hectare) resulting in around 123 t/ha SOC, compared with around 96 t/Ha in temperate
regions (Malhi et al., 1999). Martinelli et al. (1999) revealed that N is relatively abundant
in many tropical forest topsoils and subsoils; amounting to N levels almost 8% higher than

temperate forest soils.

Overall, SOC concentration was higher in the Indonesian study sites than UK soil. This
finding is also related the soil types where the samples were collected for both studies. As
discussed in Chapter 3, UK soil samples were collected in seasonally flooded Gleysol,
Planosol and Luvisol soil types, which are known to contains lower quantities of carbon
compared with Andosol soils in Indonesia (Chapter V) (Batjes, 1996). Based on a global
data set reported by Batjes (1996), Andosols contained large stocks of SOC (25.4 kg C m™2)
that are explained by the protection process of SOC by allophane and imogolite minerals
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(Batjes, 1996; Zieger et al., 2018). It is therefore of critical importance that the forests on
Andosols in Indonesia, and other tropical countries, are protected from deforestation.

The fPOM, as a labile SOC fraction which is easily to decompose (Chan, 2001), was found
to be more abundant under natural vegetation than under agricultural land uses, both in
Indonesian and UK soils. Therefore, changes in fPOM abundance can be used as an early
warning indicator that is predictive of changes that we may observe in total SOC
concentrations and stocks. Similar to SOC content, the carbon content of fPOM was greater
in tropical soils than temperate soils. However, the C/N ratio of fPOM was lower in all
tropical soils (13.51 + 0.65 to 17.77 + 0.90) which suggests a greater decomposition rate
than temperate soils (18.95+1.14 to 21.28+1.29) (Guo et al., 2010).

Generally, the chemical composition of fPOM under different land uses, either in
Indonesian or UK soils, were similar. Our observations indicate that fPOM under different
land uses are mainly differentiated by relative proportions of carbohydrates and O functional
groups; indicating differences in the quantity and quality of fresh organic matter (OM)
inputs and rate of decomposition process (Hsu and Lo, 1999), respectively. Significant
components of various aromatic carbon structures under all land uses in tropical soils
suggested that the fPOM contained more decomposed and less aliphatic material (Wen et
al., 2021) as a result of faster decomposition processes in the tropics (Ross, 1993).
Conversely, in the temperate region, with slower decomposition rates (Blais et al., 2005),
we observed more carboxyl groups indicating less disturbed OM, or plant material in the
early stages of decomposition process (Yeasmin et al., 2020). It is therefore likely that the
depletion of SOC stocks in tropical soils will proceed at a faster rate than the depletion of

SOC stocks in temperate soils.

6.2. The dynamics of soil organic carbon in tropical and temperate region down the
soil profile

A key knowledge gap concerning SOC dynamics gave rise to this study mainly because
much work still focuses on shallow soil layers (0-30cm) while the majority of SOC stocks
are stored in subsoil layers, where the mechanisms responsible for SOC preservation is less
well understood (Lal, 2018; Rumpel and Kogel-Knabner, 2011).
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Overall, SOC concentration of bulk soil was observed to decrease down the soil profile both
in UK soils (Chapter 3) and Indonesian soils (Chapter 5). This finding in accordance with
other studies (Dignac et al., 2017; Harrison et al., 2011; Lal, 2017) that confirm that topsoils
are enriched with OM directly from plant litter and root input which decreases with soil
depth. SOC stock calculations of Indonesian soils also indicated that there were greater
carbon stocks, per 10 cm layer, in topsoil layers than subsoil layers. Reductions in SOC
stocks after land use change indicate that OM input is lower than carbon release from the
soil as result of enhanced decomposition and nutrient mineralisation rates after forest
conversion (Ross, 1993). Therefore, this thesis provides valuabe insights into the impact of
land management change on subsoil SOC and fPOM dynamics that should be taken into

account when calculating the carbon emitted from deforestation.

SOC physical fractionation analysis (Chapter 3) revealed that mineral associated OM
(MinOM) was the main fraction in topsoils and its importance increases down the soil
profile. This finding indicated that soil minerals associated with OM play important roles in
SOC preservation down the whole soil profile (John et al., 2005; Plaza et al., 2013, 2012).
Further investigation should highlight soil types that have the greatest potential to store
carbon associated with minerals in the subsoil and prioritise these for protection or

restoration.

In general, the fPOM carbon concentration was found to decrease down the soil profile both
in UK (Chapter 4) and Indonesian soils (Chapter 5) because the importance of fresh litter
input as source of SOC is greater in topsoils than subsoils (Hsu and Lo, 1999; Veum et al.,
2014). Interestingly, a contrasting pattern that fPOM carbon concentration down the soil
profile under natural conditions (forest/woodland) in Indonesia decreased with soil depth
whereas UK soils showed increasing down the soil profile. The UK result was probably
caused by decreasing SOC turnover with depth because of slow decomposition process in
temperate regions (Blais et al., 2005) or anaerobic conditions due to waterlogging (Huang
et al., 2020; Huang and Hall, 2017), resulting in higher SOC accumulations per unit of C
input in deep soil layers (Jobbagy and Jackson, 2000).

The chemical structure of fPOM in UK subsoils was dominated by aliphatic groups while
Indonesian subsoils were dominated by the presence of aromatic groups. As discussed

earlier, this difference possibly due to the stage of decomposition process that the fPOM is
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at. The UK is located in the temperate region, which has slower decomposition rates,
resulting more simple material (aliphatic groups) than Indonesian tropical soil with faster
decomposition resulting more complex or chemically recalcitrant material (aromatic
groups) (Hsu and Lo, 1999; Wen et al., 2021; Yeasmin et al., 2020). However, both aromatic
and aliphatic groups showed a similar trend to decrease down the soil profile. This indicates
that fPOM material in deeper soil layers are less decomposed due to lower microbial activity

(Soucémarianadin et al., 2019).

We found land use change both in Indonesia and UK resulted a decrease of SOC both in
topsoils and subsoils. The SOC fractionation of UK soils revealed that all OM fractions
were higher under natural vegetation compared to converted land down the soil profile
(topsoil and subsoil). This fractionation also found that the topsoil layer was dominated by
less protected fraction (fFPOM) while subsoils were rich in organo-mineral associated carbon
(MinQOC) that is considered to be the most protected fraction of OM against decomposers.
SOC stocks in Indonesian soil were found to increase after conversion from natural forest
into cinnamon plantation, but then tended to decrease with increasing plantation age both in
topsoil and subsoil layers. The fPOM quality showed similar spectra from Indonesia and
UK soils where natural land use showed higher carbohydrates compounds compared with
converted land use which is clearly related to vegetation as source of OM. The deeper the
soil layer, the less decomposed fPOM is, due to limited microbial access, particularly in UK

soils which are partially protected by waterlogging.

6.3 Contribution of the thesis to knowledge

This research focused on soil organic carbon (SOC), which has been widely aknowledeged
as being an important store of carbon and it is critical that it is protected and/or restored to
mitigate global warming. However, there are still many aspects related to SOC dynamics
that are yet to be explored. Our study investigated the effect of land use change on SOC
depletion in the top 1 m of soil profile, and therefore advances our knowledge beyond that
acquired by most studies on SOC which still undertake sampling at shallow depths (around
0-30 cm). The locations of the research also enabled us to compare and contrast two regions

(i.e., tropical and temperate region) in terms of SOC dynamics down the soil profile.
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Although our study confirmed the findings of other studies that document SOC depletion
after deforestation and land conversion from natural condition to agriculture, this study goes
further by presenting data associated with subsoil layers, whereas most other studis still
focus on the topsoil (0-30 cm) layer (Gross and Harrison, 2019; Lal, 2018). Moreover, the
experiment undertaken in the tropics (Chapter 5), enriches the literature with rare but
essential data regarding SOC loss affected by land use change that is currently underway.
According to (Don et al., 2011), there is still limited quantitative data from studies reporting
the effect of land use change on SOC from Soth East Asia, particularly Indonesia. This data
is therefore important because this region currently contributes the greatest CO. emissions
due land use changes. Based on this condition, SOC research related to land use change is
still needed, particularly in Indonesia, to fill gaps in our knowledge of global soil cabon

storage.

The soil organic carbon (SOC) fractionation methodology conducted in this study provides
important data related to the status and distribution of SOC in the soil profile under various
land uses. Again, because our study sampled up to 1 m depth of soil profile, we were able
to see the vertical distribution of each fraction along the soil depth which is currently poorly
documented (Rumpel and Kogel-Knabner, 2011; Soucémarianadin et al., 2019). This
information is useful because it helps us predict how each SOC fraction may be distributed
down the soil profile during and after to land use change. It therefore helps us to identify
soils that are most susceptible to SOC loss due to land use change. Moreover, futher
exploration through spectroscopy analysis of fPOM fractions reveals that the most labile
and easy to decompose SOC fraction, fPOM, exhibits a high degree of similarity in terms
of functional groups both in tropical and temperate soils. This study advances our
understanding of the ability of soils to store more SOC in the subsoil, particularly under
natural conditions. Further research should explore the effect on land management on SOC

fractions in deep soil horizon and use it as one indicator of good management practice.
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Appendices

Appendix 1. Supporting information for Chapter 3

This supporting information contains:

Table SI-1. The mass of soil used for each sample in the soil organic matter
fractionation method in order to obtain a consistent ratio of 2:80 (w/v) of soil organic
C to sodium polystungstate (SPT).

Table SI-2 Soil properties under different land uses

Table S1-3 Soil properties with depth in successive 10 cm intervals

Table SI-4 Soil organic C (g kg-1) in the free (fPOM), intra-macro aggregate (iMacro),
intra-micro (imicro) aggregate and mineral associated organic matter (MinOM)
fractions under different land uses and between selected soil layers

Table SI-5 Ammonium oxalate extractable Al, Fe, Mn (mg/kg) under different land
uses and between selected soil layers

Figure SI-1 Soil texture (% clay, silt and sand), particle size in median diameter (um),
soil pH (H20), total organic carbon (TOC) (g kg-1), total nitrogen (g kg-1), and C:N
ratio at 10 cm depth increments to 1 m under Arable, Grassland, and Woodland land
uses at Sonning farm (a), Hall farm (b) and The Vyne (c), (d) average, where bars
represent standard error of the mean of three sub-samples. Graph d of each parameter
shows the mean values from all three sites and error bars represent the standard errors
of the mean using the three sites as replicates.

Table SI-6 Soil properties and results of mixed effects model (MEM) analysis where
soil depth and land were fixed factors and farm location was a random factor

Table SI-7 Mixed effect model analysis of TOC, Nitrogen and C N Ratio, soil pH (H20)
and soil texture (Clay, Silt and Sand) where farm locations as random factor and land

use and soil depth as fixed factor
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Table SI-1. The mass of soil used for each sample in the soil organic matter
fractionation method in order to obtain a consistent ratio of 2:80 (w/v) of soil organic
C to sodium polystungstate (SPT).

No Location Sample Code C(mgg') SPT(mL) Soil (g)
1 Arable (0-10 cm) 17.71 80 9.04
2 Arable (20-30 cm) 17.68 80 9.05
3 Arable (50-60 cm) 6.15 80 26.03
4 Arable (90-100 cm) 4.13 80 38.76
5 Grassland (0-10 cm) 32.98 80 4.85
6 Grassland (20-30 cm) 14.88 80 10.75
7  Hall Farm Grassland (50-60 cm) 6.31 80 25.35
8 Grassland (90-100 cm) 5.37 80 29.78
9 Woodland (0-10 cm) 44.02 80 3.63
10 Woodland (20-30 cm) 16.20 80 9.88
11 Woodland (50-60 cm) 7.59 80 21.07
12 Woodland (90-100 cm) 4.81 80 33.28
13 Arable (0-10 cm) 18.58 80 8.61
14 Arable (20-30 cm) 16.44 80 9.73
15 Arable (50-60 cm) 6.19 80 25.84
16 Arable (90-100 cm) 4.20 80 38.06
17 Grassland (0-10 cm) 30.14 80 531
18 Grassland (20-30 cm) 17.20 80 9.30
19  Sonning Grassland (50-60 cm) 7.13 80 22.44
20 Farm Grassland (90-100 cm) 4.50 80 35.57
21 Woodland (0-10 cm) 38.32 80 4.18
22 Woodland (20-30 cm) 13.03 80 12.28
23 Woodland (50-60 cm) 9.36 80 17.09
24 Woodland (90-100 cm) 6.39 80 25.05
25 Arable (0-10 cm) 15.12 80 10.58
26 Arable (20-30 cm) 10.03 80 15.95
27 Arable (50-60 cm) 3.17 80 50.55
28 Arable (90-100 cm) 1.35 80 118.70
29 Grassland (0-10 cm) 37.19 80 4.30
30 Grassland (20-30 cm) 15.06 80 10.62
31 TheVyne Grassland (50-60 cm) 5.81 80 27.52
32 Grassland (90-100 cm) 1.51 80 106.14
33 Woodland (0-10 cm) 32.36 80 4.94
34 Woodland (20-30 cm) 9.95 80 16.07
35 Woodland (50-60 cm) 5.34 80 29.98
36 Woodland (90-100 cm) 2.79 80 57.42
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Table SI-2 Soil properties under different land uses (mean + standard error of the mean)

Median

: Total C Total N
Land Use %Clay %Silt %Sand particle pH (H20) (g kg?) (g kg™ C:N Ratio
diameter (um)

Arable 8.23+0.05a  52.44+2.19a  39.33t2.24a 39.69+3.52a 6.09+0.20a 8.35+1.03a 1.01+0.10a 7.72+0.31a
Grassland 8.20£0.05a  50.10+1.87a  41.71+191a 42.70+3.34a 6.81+0.12b 1151+1.73b  1.27+0.16 b  8.44+0.28b
Woodland 8.33+0.07a  50.34+2.46a  41.34+252a 41.79+448a 4.81+0.11c 11.99+1.90b  1.08+0.14a  10.46%0.36cC

Different letters within a column represent statistically significant differences at a = 0.05.

Data were averaged across all 10 depth increments and all three locations (Sonning, Hall Farm and The Vyne) for each land use.

Table SI-3 Soil properties with depth (mean + standard error of the mean) in successive 10 cm intervals

Depth Median particle Total C Total N
(cm) %Clay %Silt %Sand diameter (um) pH (H20) (g kg™ (g kg™ C:N Ratio

0-10cm 8.02+0.02 ¢ 37.33+2.32d 54.65+2.34 a 65.49+6.43a 5.44+0.32a 29.60+3.40 a 2.64+0.26 a 11.19+0.71 a
10-20cm  8.01+0.03 ¢ 39.43+2.61 cd 52.56+2.63 ab 61.82+5.29ab 5.45+0.39a 19.68+1.53 b 1.89+0.16 b 10.59+0.64 ab
20-30cm  8.07x0.06 c 44.00+£3.00 bcd  47.93+3.04 abc  53.22+5.73bc 5.68+0.39a 14.49+0.97 c 1.53+0.12 ¢ 9.75+£0.59 bc
30-40cm  8.14+0.07 bc 50.06+3.64 abc  41.80+3.69 bcd  42.87+6.12cd 5.83+0.39a 9.51+0.73d 1.07+0.08 d 9.07£0.50 cd
40-50cm  8.19+0.08 bc 53.60+3.63 ab 38.22+3.69 cd 37.3915.67de 5.9740.38a 7.39+0.56 de 0.86+0.06 de 8.70+£0.43 cd
50-60cm  8.21+0.07 bc 54.48+3.95 ab 37.31+4.01 cd 36.01+6.13de 6.01+0.40a 6.34+0.56 ef 0.751£0.06 def ~ 8.48+0.38 cde
60-70cm  8.40+0.10 ab 56.73+3.27 a 34.87+3.36 d 31.22+4.98de 6.06£0.37a 5.77+0.75 ef 0.72+0.09 ef 8.02+0.51 de
70-80cm  8.46+0.13 ab 56.48+3.41 a 35.07+3.53d 30.89+5.45de 6.18+0.41a 5.03+0.75 ef 0.62+0.06 ef 7.94+0.71 de
80-90cm  8.55+0.14 a 58.31+2.97 a 33.14+£3.08d 28.01+4.67¢e 6.13+0.42a 4.45x0.56 ef 0.56+0.05 ef 7.77+0.61 de
90-100cm  8.45+0.14 ab 59.17£2.94 a 32.38+3.06 d 27.00t4.47e 6.27+0.42a 3.89+0.57f 0.51+0.05 f 7.19+0.72 ¢

Different letters within a column represent statistically significant differences at a = 0.05
Data were averaged across all landuses (arable, grassland and woodland) and all three locations (Sonning, Hall Farm and The Vyne).
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Table S1-4 Soil organic C (g kg™) in the free (fPOM), intra-macro aggregate (iMacro),
intra-micro (imicro) aggregate and mineral associated organic matter (MinOM)
fractions under different land uses (mean + standard error, n = 12) and between

selected soil layers (mean * standard error, n = 9)

Landuse fPOM iMacro imicro MinOC
Arable 0.25+0.10 a 0.08+0.02a  0.43+0.13a 4.28+0.63 a
Grassland 0.48+0.24 b 0.11+0.04a  1.43+0.75a 4.39+1.00a
Woodland 2.29+0.99 b 0.34+0.16a  1.11+0.40a 3.11+0.47a
Depth fPOM iMacro imicro MinOC
0-10cm 3.27+t1.20 a 0.48+0.20a  2.95+0.86a 6.19+0.79a
20-30 cm 0.46+0.15Db 0.12+0.02b  0.78+0.09b 4.56+0.85ab
50-60 cm 0.16+0.06 b 0.07£0.02b  0.15+0.07 b 2.96+0.66 b
90-100 cm 0.14+0.06 b 0.04+0.02b  0.07+0.04 b 2.01+0.36 b

Different letters within a column represent statistically significant differences at o = 0.05.
Data in the top half of the table represent the mean of soil samples collected under the same
land use (Arable, Grassland, or Woodland) across three different locations (Sonning, Hall
Farm and The Vyne) at four selected depth layers (0-10 cm, 20-30 cm, 50-60 cm, and 90-
100 cm). Data in the bottom half of the table represent the mean of soil samples collected at
the same depth (0-10 cm, 20-30 cm, 50-60 cm, or 90-100 cm) across three different locations
(Sonning, Hall Farm and The Vyne) and three different land uses at eat location (Arable,
Grassland, or Woodland).

Tabel SI-5 Ammonium oxalate extractable Al, Fe, Mn (mg/kg) under different land
uses (mean + standard error, n = 12) and between selected soil layers (mean * standard
error,n=9)

Landuse Al Fe Mn

Arable 1038.05+85.6 a  3919.80+360.0 a 433.99+43.2 a
Grassland 984.33+97.6 a 3673.74+260.1a 287.51+32.0b
Woodland 1114.50+63.2a 3620.18+185.3a 278.07+47.3b
Depth Al Fe Mn

0-10 cm 838.42+60.7 b 3894.44+206a  327.57+43.1a
20-30 cm 925.96+59.8 ab  4058.27+259a  378.57+46.2 a
50-60 cm 1218.16+94.7a 3706.58+360a  385.55+58.7 a
90-100 cm 1199.97497.9a 3292.35+392a  241.08+53.3 a

Different letters within a column represent statistically significant differences at o = 0.05
Data in the top half of the table represent the mean of soil samples collected under the same
land use (Arable, Grassland, or Woodland) across three different locations (Sonning, Hall
Farm and The Vyne) at four selected depth layers (0-10 cm, 20-30 cm, 50-60 cm, and 90-
100 cm). Data in the bottom half of the table represent the mean of soil samples collected at
the same depth (0-10 cm, 20-30 cm, 50-60 cm, or 90-100 cm) across three different locations
(Sonning, Hall Farm and The Vyne) and three different land uses at eat location (Arable,
Grassland, or Woodland).
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Figure SI-1 Soil texture (% clay, silt and sand), particle size in median diameter (um),
soil pH (H20), total organic carbon (TOC) (g kg-1), total nitrogen (g kg-1), and C:N
ratio at 10 cm depth increments to 1 m under Arable, Grassland, and Woodland land
uses at Sonning farm (a), Hall farm (b) and The Vyne (c), (d) average, where bars
represent standard error of the mean of three sub-samples. Graph d of each parameter
shows the mean values from all three locations and error bars represent the standard
errors of the mean using the three locations as replicates which data were averaged
across study sites.

116



Table SI-6 Soil properties and results of mixed effects model (MEM) analysis where
soil depth and land were fixed factors and farm location was a random factor

No Soil Properties ANOVA results of MEM
Depth Land use Location
1 TotalC 0.000* 0.000* 0.187 ns
2 TotalN 0.000* 0.003* 0.177 ns
3 CNRatio 0.000* 0.000* 0.209 ns
4  pH (H20) 0.000* 0.000* 0.161 ns
5 %Clay 0.000* 0.031* 0.165 ns
6 %Silt 0.000* 0.187 ns 0.164 ns
7 % Sand 0.000* 0.357 ns 0.164 ns
8  Median D50 0.000* 0.614 ns 0.165 ns

Table SI-7 Mixed effect model analysis of TOC, Nitrogen and C N Ratio, soil pH
(H20) and soil texture (Clay, Silt and Sand) where farm locations as random factor
and land use and soil depth as fixed factor

Mixed Effects Model of Total C versus Location as random factor and Land
use and Layer (soil depth) as fixed factor

Method

Wariance estimartion Restricted maximum likelihood

DF for fixed effects Kenward-Roger

Factor Information

Factor Type Levels Walues

Location Random 3 Hall Farm, Sonning, The Vyne
Landuse Fixed 3 Arable, Grassland, Woodland
Depth  Fixed 10 0-10cm, 10-20cm, 20-30cm, 30-40cm, 40-50cm, 50-60cm, 60-70cm,

70-80cm, 80-50cm, 90-100cm

Variance Components

Source Var % of Total SEVar Z-Value P-Value
Location 2.942971 20097% 3320017 0882240 0,187
Error 11.115058 79.03% 1.803101 6.164414  0.000
Total 14004029

Tests of Fixed Effects

Term DF Mum DF Den F-Value P-Value
Landuse 200 7e00 10,55 0.000
Depth 9,00 7e00 5627 0.000




Mixed Effects Model of Total N versus Location as random factor and Land
use and Layer (soil depth) as fixed factor

Method

Wariance estimation Restricted maximum likelihood
DF for fixed effects  Kenward-Roger

Factor Information

Factor Type  Levels Values
Location Random

Landuse Fixed

Depth  Fixed

3 Hall Farm, Sonning, The Vyne
3 Arable, Grassland, Woodland

10 0-10cm, 10-20cm, 20-30cm, 30-40cm, 40-50cm, 50-60cm, 60-70cm,
F0-20crm, 80-90cm, 90-100cm

Variance Components

Source Var % of Total SEVar Z-Value P-Value
Location 0.038264  29.95% 0.041250 0927616  0.177

Error  0.08%428%  70.05% 0.014317 6.164414  0.000
Total 0.127753

-2 Log likelihood = 72622680

Tests of Fixed Effects

Term DF Mum DF Den F-Value P-Value
Landuse 2.00  Te.00 612 0.003
Depth 900 7Teod 4879  0.000
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Mixed Effects Model of C N Ratio versus Location as random factor and Land
use and Layer (soil depth) as fixed factor

Method

Variance estimartion Restricted maximum likelihood
DF for fixed effects  Kenward-Roger

Factor Information

Factor Type  Levels Values
Location Random

Landuses Fixed
Depth  Fixed

3 Hall Farm, Sonning, The Vyne
3 Arable, Grassland, Woodland

10 0-10cm, 10-20cm, 20-30cm, 30-40cm, 40-50cm, 50-60cm, 60-70cm,
70-20cm, 80-20cm, 90-100cm

Variance Components

source Var % of Total

SEVar Z-Value P-Value
Location 0.218335

12.46% 0.269c08 0.8092823 0.209

Error 1.534371 27.54% 0.242908 6.164414  0.000
Total 1.7527086

-2 Log likelihood = 292 545564

Tests of Fixed Effects

Term DF Num DF Den F-Value P-Value
Landuss 2.00 7600 3941 0.000
Depth 3,00 76.00 9,75  0.000
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Mixed Effects Model of soil pH (H20) versus Location as random factor and Land
use and Layer (soil depth) as fixed factor

Method

Variance estimation Restricted maximum likelihood
DF for fixed effects  Kenward-Roger

Factor Infermation

Factor Type  Levels Values
Location Random
Landuse Fixed

Depth  Fixed

3 Hall Farm, Sonning, The Vyne
3 Arable, Grassland, Woodland

10 0-10cm, 10-20cm, 20-30cm, 30-40cm, 40-30cm, 50-60cm, 60-70cm,
70-80cm, B0-20cm, 90-100cm

Variance Components

Source Var % of Total SEVar Z-Value P-Value
Location 0.255692 74.66% 0.561985 0.8828214 0181

Error  0.188580  25.34% 0.030588 6.164414  0.000
Total 0744252

-2 Log likelihood = 134.688545

Tests of Fixed Effects

Term DF Num DF Den F-Value P-Value
Landuse 200 7600 16276 0.000
Depth 9,00 76.00 414 0.000
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Mixed Effects Model of % Clay versus Location as random factor and Land
use and Layer (soil depth) as fixed factor

Method

Wariance estimation Restricted maximum likelihood

DF for fixed effects  Kenward-Roger

Factor Information

Factor Type Levels Values
Location Random 3 Ha
Landuse Fixed
Depth  Fixed

Farm, Sonning, The Vyne
3 Arable, Grassland, Woodland

10 0-10cm, 10-20cm, 20-30cm, 30-40cm, 40-50cm, 50-60cm, 60-70cm,
70-80cm, 80-20cm, 90-100cm

Variance Components

Source Var % of Total SEVar Z-Value P-Value
Location 0.117710 55.32% 0.120880 0.973777 0.163
Error 0.095063 44.68% 0.015421 6.1684414  0.000
Total 0.212773

-2 Log likelihood = 79.564539

Tests of Fixed Effects

Term DF Mum DF Den F-Value P-Value
Landuse 2.00 76.00 3.83 0.031
Depth 8.00 7e.00 J7 0,000
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Mixed Effects Model of % Silt versus Location as random factor and Land
use and Layer (soil depth) as fixed factor

Method

Wariance estimation Restricted maximum likelihood
DF for fixed effects Kenward-Roger

Factor Information

Factor Type Levels Values

Location Random 3 Hall Farm, Sonning, The Vyne

Landuse Fixed 3 Arable, Grassland, Woodland

Depth  Fixed 0 0-10cm, 10-20cm, 20-30cm, 30-40cm, 40-50cm, 50-60cm, 60-70cm,
70-80cm, 80-90cm, 90-100cm

Variance Components

Source Var % of Total SEVar Z-Value P-Value
Location 96.479561 59.27% 98.600083 0.977597 0.164
Error 66311118 40.73% 10.757084 6.164414  0.000

Total 162.791079

-2 Log hikelihood = 590.580379

Tests of Fixed Effects

Term DF Num DF Den F-Value P-Value

Landuse 2.00 7e.00 J2 0487
Depth 9.00 7e.00 12.0e 0.000
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Mixed Effects Model of % Sand versus Location as random factor and
Land use and Layer (soil depth) as fixed factor

Method

Variance estimation Restricted maximum likelihood
DF for fixed effects Kenward-Roger

Factor Information

Factor Type Levels Values
Location Random 3 Ha

Farm, Sonning, The Vyne

Landuse Fixed 3 Arable, Grassland, Woodland

Depth  Fixed 10 0-10cm, 10-20cm, 20-30cm, 30-40cm, 40-50cm, 50-60cm, 60-70cm,
70-80cm, B0-90cm, 90-100cm

Variance Components

source Var % of Total SE Var Z-Value P-Value
Location 101.690728 58.80% 104006883 0.977167 0.164
Error 71.263250 1.20% 11.560426 6.164414  0.000

Total 172.953978

-2 Log likelihood = 596.170222

Tests of Fixed Effects

Term DF Num DF Den F-Value P-Value
Landuse 2.00 76.00 1.04 0.357

Depth 9.00 76.00 1281 0.000
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Mixed Effects Model of Median D50 versus Location as random factor and
Land use and Layer (soil depth) as fixed factor

Method

Wariance estimation Restricted maximum likelihood
DF for fixed effects Kenward-Roger

Factor Information

Factor Type Levels Values

Location Random 3 Hall Farm, Sonning, The Vyne
Landuse Fixed 3 Arable, Grassland, Woodland
Depth  Fixed 0 0-10cm, 10-20cm, 20-30cm, 30-40cm, 40-50cm, 50-60cm, 60-70cm,

70-80cm, 80-90cm, 90-100cm

Variance Components

Source Var % of Total SE Var Z-Value P-value
Location 175.807645 54.81% 180.744261 0973241 0.165
Error 145.047316 45.19% 23.529782 6.164414 0.000
Total 320.954965

-2 Log likelihood = 651.285837

Tests of Fixed Effects

Term DF Num DF Den F-Value P-Value
Landuse 2.00 76.00 0.49 0614
Depth 9.00 76.00 1231 0.000
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Appendix 2. Supporting information for Chapter 4

This supplementary material contains:

Table SI-1 Mass of soil samples used for each fPOM extraction according to ratio (2:80,
w/V) of soil organic matter to sodium polystungstate (SPT), the mass of fPOM recovered
from each sample, and the % of the sample that was identified as fPOM.

Table SI-2. Peak assignment of absorption bands in FTIR spectra of fPOM and results
of mixed effects model (MEM) analysis of z-score normalised peaks and
decomposability (Index I) and recalcitrance (Index Il) indices where soil depth and land
were fixed factors and location was a random factor

Table SI-3 Mixed effect model analysis of SOC, Nitrogen and C N Ratio of fPOM
where locations as random factor and land use and soil depth as fixed factor
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Table SI-1 Mass of soil samples used for each fPOM extraction according to ratio
(2:80, w/v) of soil organic matter to sodium polystungstate (SPT), the mass of fPOM
recovered from each sample, and the % of the sample that was identified as fPOM.

C SPT Soil fPOM fPOM

No Location Land Use and Depth (mg/g) (mL) (9) (9) (%)
1 Arable (0-10 cm) 18.58 80 861 0.60 6.94
2 Arable (20-30 cm) 16.44 80 9.73 0.57 582
3 Arable (50-60 cm) 6.19 80 2584 037 145
4 Arable (90-100 cm) 4.20 80 38.06 037 0.96
5 Grassland (0-10 cm) 30.14 80 531 049 931
6 Sonning Grassland (20-30 cm) 17.20 80 930 041 440
7 Grassland (50-60 cm) 7.13 80 2244 041 181
8 Grassland (90-100 cm) 4.50 80 3557 035 098
9 Woodland (0-10 cm) 38.32 80 4.18 1.22 29.16
10 Woodland (20-30 cm) 13.03 80 1228 0.75 6.07
11 Woodland (50-60 cm) 9.36 80 17.09 053 312
12 Woodland (90-100 cm) 6.39 80 25.05 058 232
13 Arable (0-10 cm) 17.71 80 9.04 064 7.06
14 Arable (20-30 cm) 17.68 80 9.05 044 490
15 Arable (50-60 cm) 6.15 80 26.03 050 1.91
16 Arable (90-100 cm) 4.13 80 38.76 053 1.37
17 Grassland (0-10 cm) 32.98 80 485 0.75 15.49
18 Hall Grassland (20-30 cm) 14.88 80 10.75 0.76 7.06
19 Farm  Grassland (50-60 cm) 6.31 80 2535 050 1.99
20 Grassland (90-100 cm) 5.37 80 29.78 060 201
21 Woodland (0-10 cm) 44.02 80 3.63 110 30.17
22 Woodland (20-30 cm) 16.20 80 988 060 6.12
23 Woodland (50-60 cm) 7.59 80 2107 038 183
24 Woodland (90-100 cm) 4.81 80 3328 033 0.98
25 Arable (0-10 cm) 15.12 80 1058 0.74 6.99
26 Arable (20-30 cm) 10.03 80 1595 047 298
27 Arable (50-60 cm) 3.17 80 5055 030 0.59
28 Arable (90-100 cm) 1.35 80 11870 0.33 0.27
29 Grassland (0-10 cm) 37.19 80 430 0.86 20.04
30 The Grassland (20-30 cm) 15.06 80 1062 0.73 6.83
31 Vyne  Grassland (50-60 cm) 5.81 80 2752 053 1.92
32 Grassland (90-100 cm) 151 80 106.14 057 0.53
33 Woodland (0-10 cm) 32.36 80 494 048 9.77
34 Woodland (20-30 cm) 9.95 80 16.07 042 259
35 Woodland (50-60 cm) 5.34 80 2998 031 1.03
36 Woodland (90-100 cm) 2.79 80 5742 038 0.66
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Table SI-2 Peak assignment of absorption bands in FTIR spectra of fPOM and results
of mixed effects model (MEM) analysis of z-score normalised peaks and
decomposability (Index 1) and recalcitrance (Index I1) indices where soil depth and
land were fixed factors and location was a random factor

No Wavenumber Peak Assignment ANOVA results of
(cm™)/ indices MEM

Depth Landuse

1 763 Aromatic C-H, 3-4 adjacent H deformation  0.16 ns  0.30 ns

2 874 Aromatic §(C-H), less substituted 0.21ns 0.12ns

3 930 Aromatic §(C-H) 0.41ns 0.20ns

4 1029 C-O stretching vibrations of C-O-C groups 0.18 ns  0.25ns

5 1240 C-O stretch in carboxylic acid, 0.09ns 0.00*

phenol C-O asymmetric stretch, OH
deformation, ester

6 1417 Aliphatic (C—H) deformation of CH2 or 0.03* 0.06 ns
CH3 groups
aliphatic C-H deformation of CH2 and CH3
groups

7 1621 C=0 stretching vibrations of COOanion 0.05ns 0.19ns

aromatic-C (C C) vibrations and to a
smaller extent to conjugated carbonyl-C (C
O) such as quinones.

stretching vibrations of aromatic C=C
double bonds conjugated with C=0 or
COO- bonds or both, i.e. of unsaturated
ketones, carboxylic acids or amides

8 2162 Carbohydrate overtones of -COH stretching 0.22ns  0.02*
C=C Terminal alkyne (monosubstituted)

9 2853 Asymmetric and symmetric C—H stretching 0.08 ns  0.79 ns

10 2921 vibrations of CH3 and CH2 groups 0.18 ns 0.98ns

11 3355 stretching vibrations of H-bonded hydroxyl 0.64ns 0.02*

(O-H) groups of phenols with traces of
amine (N-H) stretch

12 Index | fPOM degree of decomposition index 0.37ns 0.14ns

13  Index Il fPOM Recalcitrance index 0.00* 0.58 ns
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Table SI-3 Mixed effect model analysis of SOC, Nitrogen and C N Ratio of fPOM
where locations as random factor and land use and soil depth as fixed factor.

Mixed Effects Model of fPOM N versus Location as random factor and
land use and Layer (soil depth) as fixed factor

Method

Variance estimation Restricted maximum likelihood
DF for fixed effects Kenward-Roger
Rows unused 7

Factor Information

Factor Type Levels Values
Location Random

Land uze Fixed

3 Hall Farm, Sonning, The Vyne
3 Arable, Grassland, Woodland
Layer Fixed 4 0-10, 20-30, 50-60, 90-100

Variance Components

Source Var % of Total SEVar Z-Value P-Value
Location 0.718800 34.67% 0.853140 0.842534  0.200
Error 1.354602 65.33% 0417089 3.247771  0.001
Taotal 2.073408

-2 Log likelihood = 91.959534

Tests of Fixed Effects

Term DF Num DF Den F-Value P-Value

Land use 200 2131 3976 0.000
Layer 3.00  21.24 6.09 0.004
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Mixed Effects Model of fPOM C versus Location as random factor and
Land use and Layer (soil depth) as fixed factor

Method

Wariance estimation Restricted maximum likelihood
DF for fixed effects Kenward-Roger

Rows unused 7

Factor Information

Factor  Type Levels Values

Location Random 3 Hall Farm, Sonning, The Vyne
Land use Fixed 3 Arable, Grassland, Woodland
Layer Fixed 4 0-10, 20-30, 50-60, 90-100

Variance Components

Source Var % of Total SE Var Z-Value P-Value
Location 661.28%330 46.71% 740.006477 0.893626 0.186
Error 754.465483 53.29% 232.595699 3.243678  0.001

Total 1415754813

-2 Log likelihood = 238.235930

Tests of Fixed Effects

Term DF Num DF Den F-Value P-Value

Land use 200 2119 19317 0.000
Layer 3.00 2114 0.87 0424
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Mixed Effects Model of fPOM C N ratio versus Location as random
factor and Land use and Layer (soil depth) as fixed factor

Method

Variance estimation Restricted maximum likelihood
DF for fixed effects  Kenward-Roger
Rows unused 7

Factor Information

Factor Type  Levels Values
Location Random

Land use Fixed

Layer Fixed

3 Hall Farm, Sonning, The Vyne
3 Arable, Grazsland, Woodland
4 0-10, 20-30, 50-60, 90-100

Variance Components

Source Var % of Total
Location B.097621
Error 5.517596
Total 13.615218

SEVar Z-Value P-Value
59.47% 8.837846 0.916244 0,180
40.53% 1.704696 3.236704  0.001

-Z Log likelihood = 126.055826

Tests of Fixed Effects

Term DF Num DF Den F-Value P-Value

Land use 200 21.05 217 0.139
Layer 3.00 21.02 442 0015
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Appendix 3. Supporting information for Chapter 5

This supplementary material contains:

Table SI-1 Mass of soil used to extract free particulate organic matter (fPOM) according
to ratio (2:80, w/v) of soil organic carbon (SOC) to 1.85 g mlt density sodium
polystungstate (SPT).

Table SI-2 Assignment of FTIR peaks identified in fPOM in the experiment to
functional groups previously attributed to similar peaks in the literature.

Figure SI-1 FTIR-ATR spectra of fPOM (free particulate organic matter) from selected
soil depths (0-10 cm, 20-30 cm, 50-60 cm and 90-100 cm) at different locations (i.e
Lempur , Pungut and RKE) under natural forest and three different ages of cinnamon
plantation; Cinnamon plantation year 1 (C Y1), Cinnamon plantation year 5 (C Y5) and
Cinnamon plantation year 10 (C Y10).

Table SI-3 Mixed effects model (MEM) analysis of fPOM FTIR identified peaks and
fPOM decomposability (Index I) and recalcitrance (Index Il) where soil depth and land

use as fixed factor and location as random factor.
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Table SI-1 Mass of soil used to extract free particulate organic matter (fPOM)
according to ratio (2:80, w/v) of soil organic carbon (SOC) to 1.85 g ml-* density sodium
polystungstate (SPT).

Sample _ Soil C Volume of M_ass of

No Location Sample Code content SPT soil used
(mg/g) used(ml) @)

1 Forest (0-10 cm) 214.05 80 0.75
2 Forest (10-20 cm) 132.10 80 1.21
3 Forest (50-60 cm) 60.16 80 2.66
4 Forest (90-100 cm) 35.59 80 4.49
5 C Y1 (0-10 cm) 150.13 80 1.07
6 C Y1 (10-20 cm) 102.92 80 1.55
7 C Y1 (50-60 cm) 36.52 80 4.38
8 Lempur C Y1 (90-100 cm) 21.24 80 7.53
9 C Y5 (0-10 cm) 98.75 80 1.62
10 C Y5 (10-20 cm) 71.54 80 2.24
11 C Y5 (50-60 cm) 30.37 80 5.27
12 C Y15(90-100 cm) 29.60 80 541
13 C Y10 (0-10 cm) 101.68 80 1.57
14 C Y10 (10-20 cm) 61.96 80 2.58
15 C Y10 (50-60 cm) 25.77 80 6.21
16 C Y10 (90-100 cm) 22.79 80 7.02
17 Forest (0-10 cm) 143.65 80 1.11
18 Forest (10-20 cm) 25.31 80 6.32
19 Forest (50-60 cm) 9.34 80 17.14
20 Forest (90-100 cm) 4.24 80 37.71
21 C Y1 (0-10 cm) 48.43 80 3.30
22 C Y1 (10-20 cm) 58.13 80 2.75
23 C Y1 (50-60 cm) 105.13 80 1.52
24 Pungut C Y1 (90-100 cm) 32.90 80 4.86
25 C Y5 (0-10 cm) 124.69 80 1.28
26 C Y5 (10-20 cm) 72.32 80 2.21
27 C Y5 (50-60 cm) 45.27 80 3.53
28 C Y15(90-100 cm) 19.77 80 8.09
29 C Y10 (0-10 cm) 42.80 80 3.74
30 C Y10 (10-20 cm) 21.90 80 7.31
31 C Y10 (50-60 cm) 8.75 80 18.29
32 C Y10 (90-100 cm) 2.39 80 66.87
33 Forest (0-10 cm) 124.40 80 1.29
34 Forest (10-20 cm) 49.46 80 3.24
35 Forest (50-60 cm) 28.91 80 5.53
36 RKE Forest (90-100 cm) 11.94 80 13.40
37 C Y1 (0-10 cm) 125.11 80 1.28
38 C Y1 (10-20 cm) 68.55 80 2.33
39 C Y1 (50-60 cm) 79.74 80 2.01
40 C Y1 (90-100 cm) 28.08 80 5.70
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41
42
43
44
45
46
47
48

C Y5 (0-10 cm)

C Y5 (10-20 cm)

C Y5 (50-60 cm)

C Y15(90-100 cm)
C Y10 (0-10 cm)

C Y10 (10-20 cm)
C Y10 (50-60 cm)
C Y10 (90-100 cm)

122.36
90.99
34.97
16.78

122.54
71.36
48.76
26.42

80
80
80
80
80
80
80
80

131
1.76
4.58
9.53
131
2.24
3.28
6.06
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Table SI-2 Assignment of FTIR peaks identified in fPOM in the experiment to
functional groups previously attributed to similar peaks in the literature.

No  Wavenumber (cm™) Assignment Reference
Experiment Literature
1 767 700-900  Aromatic CH, 3-4 adjacent H (Ascough et al.,
deformation 2011)
2 878 840 Aromatic 6(C-H), less substituted (Margenot et al.,
2015a)
3 931 920 Aromatic §(C-H) (Margenot et al.,
2015a)
4 1072 1081 C-O stretching vibrations of C-O-C (Ellerbrock and
groups Kaiser, 2005)
5 1221 1200- C—O stretch in carboxylic acid, (Fultz et al., 2014)
1280 phenol C-O asymmetric stretch, OH
deformation, ester
6 1410 About aliphatic (C—H) deformation of CH2 or  (Solomon et al.,
1410 CH3 groups 2005)
~1416 aliphatic C-H deformation of CH2 and  (Xing et al., 2019)
CH3 groups
7 1615 1600- C=0 stretching vibrations of COO" (Ellerbrock and
1640 anion Kaiser, 2005)
aromatic-C (C C) vibrations and to a (Solomon et al.,
1626 smaller extent to conjugated carbonyl-C  2005)

(C O) such as quinones

stretching vibrations of aromatic C=C
double bonds conjugated with C=0 or

1600- COO- bonds or both, i.e. of unsaturated (Ellerbrock and
1613 ketones, carboxylic acids or amides Gerke, 2004)
8 2120 2000- Carbohydrate overtones of -COH (Madhavan et al.,
2200 stretching 2012; Peltre et al.,
2014)
2100- C=C Terminal alkyne (Coates, 2000)
2140 (monosubstituted)
9 2851 2860 Asymmetric and symmetric C—H (Ellerbrock and
10 2920 2920 stretching vibrations of CH3 and CH2 Gerke, 2004,
groups Ellerbrock and
Kaiser, 2005;
Solomon et al.,
2005)
11 3312 About stretching vibrations of H-bonded (Solomon et al.,
3374 hydroxyl (O-H) groups of phenols with ~ 2005)

traces of amine (N-H) stretch
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Figure SI-1 FTIR-ATR spectra of fPOM (free particulate organic matter) from
selected soil depths (0-10 cm, 20-30 cm, 50-60 cm and 90-100 cm) at different locations
(i.,e Lempur, Pungut and RKE) under natural forest and three different ages of
cinnamon plantation; Cinnamon plantation year 1 (C Y1), Cinnamon plantation year
5 (C Y5) and Cinnamon plantation year 10 (C Y10).
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Table SI-3 Mixed effects model (MEM) analysis of fPOM FTIR identified peaks and
fPOM decomposability (Index I) and recalcitrance (Index I1) where soil depth and

land use as fixed factor and location as random factor.

No Band (cm™)/ Assignment MEM
Index no. Depth  Landuse
1 767 Aromatic CH. 3-4 adjacent H deformation 0.00* 0.00*
2 878 Aromatic §(C-H), less substituted 0.02* 0.00*
3 931 Aromatic §(C-H) 042ns  0.03*
4 1072 C-O stretching vibrations of C-O-C groups  0.054 ns 0.41ns
5 1221 C-O stretch in carboxylic acid, 0.69ns  0.58ns
phenol C-O asymmetric stretch, OH
deformation, ester
6 1410 aliphatic (C—H) deformation of CH2 or CH3 0.18ns  0.30 ns
groups
aliphatic C-H deformation of CH2 and CH3
groups
7 1615 C=0 stretching vibrations of COOanion 0.25ns  0.08 ns
aromatic-C (C C) vibrations and to a smaller
extent to conjugated carbonyl-C (C O) such
as quinones
stretching vibrations of aromatic C=C double
bonds conjugated with C=0 or COO- bonds
or both, i.e. of unsaturated ketones,
carboxylic acids or amides
8 2120 Carbohydrate overtones of -COH stretching 0.94ns  0.03*
C=C Terminal alkyne (monosubstituted)
9 2851 Asymmetric and symmetric C—H stretching  0.26ns  0.78 ns
10 2920 vibrations of CH3 and CH2 groups 0.52ns  0.05ns
11 3312 stretching vibrations of H-bonded hydroxyl  0.16 ns  0.00*
(O-H) groups of phenols with traces of
amine (N-H) stretch
12 Index | fPOM degree of decomposition index 0.27ns  0.01*
13  Index Il fPOM Recalcitrance index 0.23ns  0.94ns

ns : not significant p >0.05; * p < 0.005
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