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ABSTRACT

Reclamation of degraded land using revegetatioonis way of sequestering carbon into the
soils. In this study an assessment was done tma&stithe status of soil carbon amounts after
revegetation with trees and grass in South-Wesande(Hafnarmelar). Natural woodland and
eroded plots were part of the assessed plots asotsyrmaking four plots in all. Soil samples
were collected from all the plots and were analysedbulk density, soil texture and carbon con-
tent. Total % carbon (C) was analysed using a visi#o< CN analyser (measured % C) and
Loss on Ignition (LOI; calculated % C). The resudt®owed that natural woodland, tree, grass
and eroded plots had 9.32%, 4.91%, 1.12% and 0C6%espectively, with the natural wood-
land different from the tree plot (p = 0.0001) athé tree plot different from the grass plot
(p = 0.0001). The grass and eroded plots did rfdrdjp = 0.0566). Notably, the grass plot had
carbon below the minimum expected levels of 1.5%¢@akandic Andosol under vegetation. The
natural woodland and the tree plot had a finerteodure than the grass and eroded plot. Results
suggest that where land has been properly restorkelpt in its natural condition, soil properties
improve significantly, especially when trees aret jph the restored vegetation. Therefore more
restoration efforts are encouraged. The resultssiswed that LOI is a good but not very accu-
rate estimator of soil organic carbon unless equatare developed with respect to the known
carbon content of a particular soil type.
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1. INTRODUCTION

Land degradation is one of the major problems &ffgahe physical, chemical and biological
stability of the soil. Different authors have prded different figures on land degradation de-
pending on the areas of focus. The general treridaisland degradation is increasing (UNEP
2007). Land degradation destroys natural systeffes;ta many people and attracts regional and
international actions. The causes of land degradatre both natural and human induced; espe-
cially the latter causes more disruptive effectghe natural balance of ecosystems (Morgan
1979). Human causes include poor irrigation, laic&rop rotations, overgrazing, frequent use of
machinery, deforestation and poor soil and wateseovation. The natural calamities causing
land degradation include floods, droughts, lan@sljcand volcanic eruptions (UNEP 2007). Of-
ten, these natural causes are influenced by humarigrence with nature (Buringh 1984)

Land degradation through vegetation removal resnlsoil erosion and loss of valuable nutri-
ents from the soil. Carbon loss is a good examphe. trend shows soil carbon being lost from
soils into the atmosphere through unsustainable lse(Walker & Desanker 2004). Bai et al.
(2008) estimated that over 950 million tonnes off sabon were lost from 1981 to 2003, affect-
ing about 1.5 billion people globally. This carblmss was from 35 million kfnof degraded
land. Deforestation was a major factor causing aarloss through erosion (Eswaran et al.
1993). Recent concerns about climate change itioeléo land degradation have resulted in
increased emphasis on studies on the quantitiear@nces and behaviour of carbon.

Carbon as an element occurs naturally and soiltharenajor active carbon pool. In the form of
carbon dioxide, it can be captured from the atmespby plants with energy from the sun in the
process of photosynthesis (Taiz & Zeiger 2008hen carbon from the soil finds its way into the
atmosphere it combines with oxygen to form carbioxide. Carbon dioxide has greenhouse gas
effects.In contrast, carbon sequestered in the soil hag/rmdwmantages. Carbon provides struc-
ture and energy to living organisms and accordingrady & Weil (1999), soil organic carbon
influences plant growth by providing energy anddering mineralization. Organic carbon com-
pounds help cement soil particles and thus impsmiestructure. This makes soil more resistant
to erosion. An increase in soil organic matter taotdl soil carbon facilitates biodiversity in soils
through inflow of soil fauna and flora to take adtage of released nutrients. This enhances the
natural control of pests and diseases. Generaljygnoc matter provides conditions that improve
the properties and functioning of the soil andagsociated abiotic and biotic components. Scar-
city of soil organic carbon means lost biologicatidty, poor soil aeration, poor infiltration,
poor drainage, pests and disease prevalence, siccatwumulation (Brady & Weil 1999).

Approaches to reduce carbon loss from land difégrethding on the objectives. These objectives
could be agricultural food productivity, soil erosicontrol, mitigation of climate change, natural
resource management and biodiversity. A numbenstftutions have specific provisions to re-
verse land degradation, climate change and desatitin. The United Nations Convention to
Combat Desertification (UNCCD), the Convention anl8gical Diversity (CBD) and the Unit-
ed Nations Framework Convention for Climate ChafigfdFCCC) aim at reducing land degra-
dation and climate change. Sustainable and bet@agement of existing agricultural soils and
restoration of carbon in degraded soils are estich&d increase carbon sinks of about 445-882
tonnes per yeaglobally (IPCC 1996).



UNU Land Restoration Training Programme

In Europe, croplands are the major source of catbss into the atmosphere due to land use
changes (Smith 2004). Current remedies for thitude afforestation, organic agriculture, im-
proved crop rotations, irrigation, and no or redutibage (Smith 2004). In Iceland, unsustaina-
ble land use has caused degradation since thersettt over 1000 years ago (Crofts 2011).
Overgrazing and wood harvesting were the dominanoses of erosion, leaving bare unstable
soils. A full 40% of the area of Iceland is consetkto be desert and unstable (Arnalds et al.
2001). The vulnerability of soils to degradatiomckes differs depending on the soil’s level of
stability.

1.1 Soils of Iceland

There are four major classes of soils in Icelandely; Andosols, Vitrisols, Histosols and Cryo-
sols/Leptosols/Calcisols (Arnalds 2015). Icelandasninated by Andosols which have andic or
vitric characteristics, i.e. with allophanes or caslic glass, respectively (Molloy 1998; FAO
n.d.). Allophane is a non-crystalline clay withemdency to adsorb carbon and other nutrients
(Brady & Weil 1999; Arnalds 2015). Andosols haveodavater holding capacity, high carbon
accumulation, and usually low bulk density (0.7ngf)c(Arnalds 2004). They are further grouped
into three classes, i.e. Brown Andosols, Gleyic dsuls and Histic Andosols. Brown Andosols
are soils in vegetated environments. They are lysuall drained, light soils (bulk density of
less than 0.8 g cf) with less than 12% carbon in dry areas. Gleyid@sols occur in wetland
areas. They have less than 12% carbon in the suhfagzon. Histic Andosols contain 12-20%
carbon in the first 30 cm depth. They are usualyeniogged but some occur in dry areas with
birch and other vegetation types. They are commadWest and North Iceland. In West Iceland,
Histic Andosols occur in dry areas. Histosols heaghon content greater than 20% in the first
30 cm depth. They are common in the far west anddah of the country. Vitrisols occur in
desert areas. They have 0.2-1% carbon contentfiacgulayers. They have little water retention
due to coarse soil texture (Arnalds 2004).

1.2 Soil carbon loss and land restoration in | celand

Iceland has lost millions of tons of organic ma&ed soil carbon since settlement due to land
degradation (Oskarsson et al. 2004). Iceland ha® 45,000 krhof degraded land in need of
restoration (Arnalds et al. 2001). This degradakias prompted systematic land restoration.

The Icelandic Government through the Soil Consema®ervice of Iceland (SCSI) restores de-
graded areas to achieve carbon sequestrationggisipn and improve land ecosystem condition
(Arnalds et al. 2000). Intensive and systematicr@gghes to this started in 1907. Some of the
methods include seeding grass mixtures, plantiediag trees and applying fertilizers. The aim

is to bring back the lost chemical, physical amaldgical conditions of the land and soil. In Ice-

land, land restoration is done partly to implemamdl contribute to the provisions in the United

Nations Framework Convention for Climate Change R@EC) (Arnalds et al. 2000).

One of the SCSI's major approaches to achieving lastoration has been the project called
‘Farmers Heal the Land’ (FHL), a project which stdrin 1994. The project targets completely
bare land, slightly bare land, and lightly or noazed farmland. This project is an improved set-
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up after its predecessor, theighbourhood Project, which focused narrowly on restoration of
small portions of land around homesteads. FHL atdacing more focus on the roles farmers
play in land restoration and emphasising restanatiotivities as being ‘owned’ by farmers
(Crofts 2011). The numbers of participating farntease been rising from 370 in 1994 to around
574 currently (SCSI 2014). Sheep farmers are timeirtint participants. However, the project is
open to all owners and custodians of degraded (8nd\skelsdottir, 10 September 2015, Soil
Conservation Service of Iceland, Hvanneyri, personenmunication). There is almost uniform
distribution of participating farmers throughoutliend. In the FHL project, the SCSI covers
85% of the costs for seed and inorganic fertilizebe used in the restoration of degraded areas.
Extension staffs from the SCSI provide advice t® plarticipating farmers. Farmers contribute
labour and 15% of the fertilizer costs. The projscteen as yielding good land reclamation re-
sults in terms of ha restored and has also enhaheeahutual relationship between farmers and
the SCSI as an institution (Berglund et al. 2013).

According to Arnalds et al. (2000), the reclamatafrseverely degraded soil in Iceland can re-

sult in sequestration of 0.6 tonnes (t) of carbenlm (hectare) per year. The Icelandic carbon
sequestration rates thus fall within the Intergowegntal Panel on Climate Change (IPCC) car-
bon sequestration rates of 0.1-0.7 t C per ha gar (Arnalds et al. 2000). Aradottir et al. (2000)

reported sequestration rates ranging from 0.01-G.%per ha per year for the above- ground and
underground vegetative matter. In assessing th®oaaccumulation in restored unstable sandy
desert, Arnalds et al. (2013) observed that saibara increased from 0.3% to 0.7% in some

grass reclaimed plots. However, the average araugcalimulation was 0.4-0.63 t C perchaing

the first stages of restoration. The accumulati@s wignificant in areas treated with grass seed-
ing and inorganic fertilizer and not in untreateychded areas (control). The untreated (control)
plots had no carbon increase. This finding corraedpdo that of Bjarnadottir et al. (2009), where

they reported use of birch and other trees in cademuestration in Iceland as successful. The
ability of Icelandic soils to accumulate carboreaftevegetation provides a favourable environ-
ment for carbon sequestration. By 2001 close tokh¥0vere restored (Agustsdottir 2004).

The continued assessment of carbon in soils israldsi in Iceland and Europe as a whole
(Sigurdsson & Snorrason 2000). In Iceland, resehashbeen done to assess the impact of land
restoration on carbon sequestration in some péatteeccountry but little is known about carbon
amounts in land reclaimed under the FHL projecis Tasearch has been intended to generate
evidence based information on carbon accumulatiorFidL reclaimed land. Four treatments
have been examined, namely: reclamation with tnestamation with grass, natural woodland
as control, and eroded area as another contrtthidrpaper, these four land uses will be referred
to as ‘treatment’ or just ‘plots’.

1.3 Resear ch obj ectives

The goal of the research was to assess the imptareclamation under the FHL project on
soil carbon accumulation. Specifically, the projeténded to achieve the following objectives:

1. To assess the difference in soil carbon contentdet reclaimed and non-reclaimed land
2. To compare the effect of grass and tree reclamagispectively on soil carbon content
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3. To compare carbon content between non-degradedréhatoodland) and degraded are-
as
4. To acquire skills and gain knowledge on soil carbpalysis

1.4 Relevance of theresearch to M alawi

The research was conducted in Iceland with thenfite to learn and adapt its processes and
findings to the situation in my home country, Malam Malawi, rapid population growth is
exerting pressure on natural resources resultingnd degradation. In 1992 soil loss through
water erosion in Malawi was estimated at 20 tonpes ha per year (World Bank 1992).
Considerable amounts of soil nutrient loss have lestimated equivalent to U$2 billion per year
(Chigowo 2007). Walker & Desanker (2004) observet soil carbon loss is on the increase in
Malawi, mainly in agricultural land. Even in falloland, soil carbon content was decreasing
because of short resting periods. They attributeddd crop yields in Malawi to loss of carbon
and nitrogen from soils. Low crop yield has sericaasequences such as famine and economic
frictions in the country. Consequently, Walker dhesanker (2004) advised quick responses in
order to halt the extreme loss of carbon from soils

Malawi government has been promoting approachésathmat sequestering carbon in soil and
vegetation and minimising carbon loss. The curremtiatives focus on Climate-Smart
Agriculture (CSA). CSA has three principles; in@ead agricultural productivity, enhanced
environmental and community resilience, and cadeEquestration (FAO 2013). Major activities
for achieving these principles include afforestatiagroforestry, conservation agriculture and
crop diversification. These initiatives are expdcdie create reduction of GGn the atmosphere
and a win-win situation for communities and the iemvment (carbon sequestration). These
approaches require knowledge and skills on the roecoe and assessment of soil carbon.
Currently there is a knowledge gap on soil carlssués in Malawi (Namangale 2015). The
overall objective with this study was to fill thgsp.

2.MATERIALSAND METHODS
2.1 Study area

The study was conducted in South-West Iceland enHhfnarmelar area (Fig. 1). The mean an-
nual temperature in 1998-2014 was 5.3°C, with amd@muary temperature of 0.9°C and mean
July temperature of 11.4°C (Icelandic Meteorologi©#fice, unpublished data). The data also
showed a mean annual precipitation of about 1100 Awoording to the soil map of Iceland
(Arnalds 2015), the common soil types are Histidésols, Gleyic Andosols and Brown An-
dosols. Two farms in the area, participating in 8wl Conservation Service of Iceland FHL's
project, were selected as the study site. Thisvgii® chosen because it had a variety of manage-
ment and reclamation examples. The study site Wwagcterised by 1) islands of natural birch
woodland, 2) land revegetated with trees and gi@skend revegetated with grass and 4) some
highly degraded land; hereafter these will be refitto as natural woodland, tree plot, grass plot
and eroded plot, respectively.
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Figure 1. Map of Iceland. Blue star indicates lawabf Hafnarmelar, the study site.

The natural woodland was dominated by birch trekgjbs and some grass covering the under-
story (Fig. 2). The ground was completely covergd/égetation and litter was visible. The plot
had dark, fine textured soil. There were no sigrgravel, at least not at sampling depth.

Figure 2. The natural woodland. (Photo: S. Askdlsgd9 June 2015).

The tree plot was dominated by birch tréBstula pubescens). Initially the area was degraded
land surrounding the natural woodland. After rea@ton through fertilization, the soil became
stable and the birch trees have been colonizingatea. The trees are still at a young stage

5
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(Fig. 3). There was also some grass growing, gedlttever the plot. Some litter could also be
noticed. The soils were brown, and slightly grayeit the surface. The soil had a fine texture.
Restoration work in the tree plot started in 20@4h 80-100 kg/ha (equivalent of 25 kg/ha N
per year) of inorganic fertilizer applied every yeatil 2015. The plot is used for light grazing in
the autumn.

Figure 3. The tree plot. (Photo: S. Askelsdott@ June 2015).

The grass plot was dominated by native grass ssiEkstuca richardsonii (Fig. 4). Bare patches
could be noticed too, suggesting an unstable seiriatfinished revegetation and possibly frost
heaving. Litter was not visible. The plot was gilgvand some rocks could be noticed in parts of
the area. The plot had dark grey soils with coteséure. 200 kg/ha (equivalent of 50 kg/ha N
per year) of inorganic fertilizer has been appkeery other year since 2002. The plot is mainly
grazed in spring and autumn.

The eroded plot was gravelly with scarce vegetafiig 5). The surface was loose and stony
and no litter was noticeable. There was no littethie plot. The soil was brown and had a coarse
texture.
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2.2 Soil sampling

Soil samples for bulk density were collected usingpre of 5 cm in diameter and 5 cm in length.

The samples were collected at 0-5 cm and 5-10 guthdeevery 5 m on one transect for each

treatment (four samples per transect). One randuint pras also selected along each transect to
select one sample for soil texture analysis (ofledesdure sample per treatment).

A soil auger, 2.8 cm in diameter, was used to col®il samples in the natural woodland and
tree plots. Five cores from each sampling pointewenllected, making a composite sample. It
was not possible to use the auger in the erodedyeass plots because they were too gravelly.
Instead a shovel was used to dig a hole to a qwreing depth, where soil samples were col-
lected. All samples were collected at a depth @DG=m. These samples were meant for carbon
analysis and were collected every 2 m on a traredfe2® m giving a total number of 10 samples
per treatment. In the tree plot a sample was dekeclose to the nearest tree at these 2 m inter-
vals in order to get soil that was highly impacksdtrees in terms of carbon accumulation as the
trees were still young. Overall, 60 samples wetéected. At each study site soil samples for
field soil texture were taken for site description.

2.3 Sample handling and preparation

Soil samples meant for carbon analysis were a@gedm a room with proper ventilation. The
individual soil samples were then sieved in a 2 smeve to remove materials >2 mm. The sam-
ples for carbon analysis were ball milled for 24itso Samples for bulk density analysis were
oven dried at 105°C for 24 hours.

2.4 Soil analysis
2.4.1 Bulk density

The soil samples were sieved to determine soititmas of <2 mm. Density and the weight of
rock fragments were also determined. The BD wasutatied using the procedures described by
Burt (2004) given by:

BD = (ODW-RF-CW)/ [ CV-(RF/PD)]

where BD = Bulk density of < 2 mm fabric at samplield water state (g cff); ODW = Oven-
dried weight; RF = Weight of rock fragments; CW mjty core weight; CV = Core volume;
PD = Density of rock fragments

This formula was used because the bulk densityitsestere used to calculate carbon stocks,
which requires that coarse materials be subtrastethat only the active soil fraction is used.
Each depth had its bulk density calculated andvamnage bulk density for both depths was used
to calculate carbon stocks. This was so becaussattmgles for carbon determination were col-
lected from depths 0-10 cm as one depth.



UNU Land Restoration Training Programme

2.4.2 Determination of organic matter and soil organic carbon

Organic matter (OM) calculation aided in the deteation of the carbon content. The organic
matter was determined using Loss on Ignition (L&d)described by Rowell (1999). LOI has
been used to estimate soil organic carbon for decHuough estimation of organic matter loss.
Soil samples are first oven dried at 105°C for &drk and weights recorded. Then samples are
heated at 550°C for 4 hours to burn the organidenaind inorganic carbon. Then samples are
then re-heated at 105°C for 3 hours and weighed.dfifierence in weight is divided by the ini-
tial oven weight multiplied by 100 to get the %as§anic matter (Rowell 1999). Then the organ-
ic matter is converted to % soil organic carbonm@mnly used conversions use the principle
that 40-58% of LOI is soil organic carbon (Brady Weil 1999) using the formula
C% = 50/100*LOI. A regression analysis was madegtimate how good LOI was for estimat-
ing % C. Then the results from the simple (C% =180#LOI) calculation were compared to the
results obtained from the regression.

Twenty subsamples (five from each treatment) werayased for total carbon (% C) using a
vario MAX CN elementar analyser, manufactured bgnigntar Analysensysteme GmbH. Car-
bon results were corrected for dry matter.

Soil carbon was also expressed as stocks. Thiscalaslated by multiplying the soil mass of
one ha built on the bulk density of soil at the@®en depth by the measured % carbon in a plot.
To calculate accumulation per year, the stockfienttee and grass plots were subtracted by the
amount in the eroded plot (baseline). Then the amiouthe tree plot was divided by 11 years of
restoration while the amount of soil carbon frora gnass plot was divided by 13 years.

2.5 Statistical analysis

Descriptive statistics were used to find the mdansarbon content from the treatments. SAS
enterprise guide 6.1 was used to test the signifiddéference of means of carbon in the different
treatments. One way ANOVA analysis was conductadgbsignificance between values in bulk
density, % soil organic carbon content, carbonksto& simple regression analysis was run in
Excel to determine the relationship between % Clabdand an equation was developed.

3.RESULTS
3.1 Bulk density

The results indicated variations in the bulk dgngdlues among treatments as well as between
depths (Table 1). In the 0-5 cm depth, there wasigmificant difference between the mean bulk
densities in eroded and grass plots, and likewissignificant difference between the tree plot
and natural woodland. However, there was a sigmfidifference between the bulk densities in
eroded and grass plots, on one hand, and tree andah woodland on the other hand
(p = 0.0016). Within the depth of 5-10 cm, thereswa significant difference for bulk densities
among eroded, grass and tree plots. There wasdicagt difference between the bulk density
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of the natural woodland, on one hand, and the esogess, and tree plots on the other hand
(p = 0.0189). The tree plot and natural woodlandewmt significantly different.

Table 1. Mean bulk density of <2 mm soil in the two deptialues with same letters are not
significantly different; comparisons were withiretkame depth.

Treatment Sampling depth (cm) M ean bulk density (g/cm?®) Std. Error
Natural woodland 0-5 0.36a 0.08
Trees 0-5 0.57a 0.09
Grass 0-5 1.15b 0.05
Eroded 0-5 1.28b 0.01
Tree pristine 5-10 0.45a 0.04
Trees 5-10 0.84ab 0.04
Grass 5-10 1.22b 0.02
Eroded 5-10 1.26b 0.21
3.2 Sail carbon

3.2.1 Soil carbon

The natural woodland had the highest mean tothloraof 9.32% (Table 2). There was a signifi-

cant difference in mean carbon content betweenralatvoodland and the tree plot. There was
also a significant difference between the meanaragmounts in the tree plot and the grass plot
(p = 0.0001). However, there was no significantedénce in mean carbon content between the
grass and eroded plots (p = 0.0566). The two cltnatural woodland and eroded plots, were
significantly different in carbon amounts (p = Q0QY.

However, there was no significant difference in sarbon stocks between the natural woodland
and the tree plot (Table 2). This could be duéheodifferences in the bulk density, as the calcu-
lations were made using the average bulk density the two depths (0-5 cm; 5-10 cm).

Table 2. Percentage mean carbon, carbon stocks and bodiitgén the 0-10 cm depth. Values
with same letters are not significantly different.

Treatment % Soil carbon Soil carbon stocks (t/ha) Bulk density*
Mean Std. Error Mean Std. Error

Natural woodland 9.32a 0.59 38.21a 2.42 0.41

Tree plot 4.91b 0.48 34.38a 3.329 0.7

Grass plot 1.12c 0.15 15.31b 1.867 1.18

Eroded plot 0.76¢c 0.05 9.70b 0.643 1.27

* Mean of 0-5 and 5-10 cm for each treatment

3.2.2 Losson Ignition

The LOI results showed higher carbon content inrthtiral woodland than the tree plot. The
eroded plot had the least amount (Table 3).

10
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Table 3. Comparison of mean calculated % soil carbon framasLon Ignition (LOI), measured
soil carbon and the commonly used method of takdf% LOI as carbon in the 0-10 cm depth
for each treatment.

Treatment % LOI * % C measured** % C calculated*** % C at 50% L|O****
Natural woodland 25.62 9.32 9.16 12.81
Tree plot 15.39 491 5.17 7.69
Grass plot 4.78 1.12 1.03 2.39
Eroded plot 4.48 0.76 0.92 2.24

* Loss on Ignition for all samples in a plot

** Soil carbon using direct measurement

*** Soil carbon obtained from a simple regressia@uation between % measured carbon and LOI

**** Soil carbon using the commonly used formulats0% of LOI is carbon given by the formula (5@A00I).

The results showed higher mean values for % C ft@hin the tree plot and the eroded plot
than from total carbon analysis. The LOI valueseMewer in the natural woodland and grass
plots than the % C measured. A simple regressioaten was developed based on LOI values
and the measured % C values (Fig. 6). The % C leaali with the regression equation was
closer to the measured % C than calculated by 50%@bbeing carbon (Table 3).

Correlation for C% in soil in all plots
12 -

¢
10 - y=0,3899x - 0,8283 ¢
R?=0,974

C%
o

0 T T T T T 1
0 5 10 15 20 25 30

Loss on ignition

Figure 6. Simple linear regression equation fol e@anic C measured against Loss on Ignition
(LOI) for all the plots.

11
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4. DISCUSSION
4.1 Bulk density

Bulk density is an important component in the dateation of soil carbon content. Comparing
between depths, soil bulk densities were loweh&@-5 cm depth than the 5-10 cm depth except
in the eroded plot. Despite being under revegetatioe grass plot had higher bulk density at
both depths than the natural woodland and thepliee The findings between depths were simi-
lar to that of Arnalds et al. (2013) where theyrfduhat the soil bulk density at 0-5 cm depth
was lower (1.02 g/ci) than in the 5-10 cm depth (1.10 gfyrim degraded soils. However, the
bulk densities in the grass and eroded plots mghidy were higher, suggesting that the soils in
these plots were Vitrisols. Icelandic Andosols hiwe bulk density, ranging from 0.3-0.8 g/ém
(Arnalds 2004). A comparison by treatment, coreglavith Han et al. (2010) who found higher
soil bulk density in grassland than in woodlandd afso higher in degraded areas than in re-
claimed.

The findings of this study showed that there wasengravel in the soil in degraded areas com-
pared to the natural woodland and the tree recthiareas. The lower bulk density in the tree
and natural woodland could be attributed to theete#gpn, which is a source of organic matter
after decay. By estimation, the natural woodland tree plots had finer soil texture suggesting
more developed soil and organic matter. Organi¢anaich soils could have lower bulk density
than heavy non-organic materials. These plots ladgba higher carbon content compared to the
eroded and grass plots. Andosols with higher cadmment have lower bulk densities (Arnalds
2015), usually less than 0.8 gftwhereas desert soils have bulk densities higher @ g/cni.
The bulk densities in the tree plot and natural déaod were indicative of more organic matter
content, porosity and good water holding capaditythis case the higher bulk density in eroded
and grass plots is likely to have been due to aléwel of organic matter and carbon content and
thus a high proportion of mineral material.

4.2 Soil carbon in different treatments

The main focus of this research was to estimateatheunts of soil carbon status restoration
measures (with trees and grass) and see if theseawndifference between treatments. As ex-
pected the natural woodland had the highest sdilotacontent, followed by the tree plot. The
grass plot and the eroded plot had no significéifierénce in soil carbon content. The findings
correspond to that of Petursdottir et al. (2013pvidund 1.1-1.2% carbon in untreated plots and
1.3-1.5% in plots treated with grass and lupineeyThlso found no significant difference be-
tween the soil carbon amounts in untreated plots gtass and lupine plots after 5-7 years of
treatment. Their study was done in the same Hafelamarea but in the exact same locations.

Several reasons could account for such variatidhe. natural woodland soil had a higher %
carbon, probably because it had more vegetatiorrcand thus likely higher OM inputs to the
soil. This area has possibly not lost the old carbch soil, as was the case with the tree, grass
and eroded plots, and hence there had been maddimdevelopment of various soil properties.

It has possibly not lost the old carbon-rich sa#,was the case with the tree, grass and eroded
plots. The area also had more litter deposits waftdr decomposition release nutrients. The plot
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might have had more clay content, as indicatechbyfine soil texture. Soils that have more clay
particles have the ability to hold more carbon @ds et al. 2000; Walker & Desanker 2004)
Clay particles adsorb carbon between them makimgsg likely to get lost to the atmosphere
unless disturbed by erosion. This is one of théufea of Andosols. Furthermore, slow decom-
position due to low soil temperatures retains saibon and is typical of soils in cold regions
(Arnalds et al. 2013). The tree plot had a sintiéxture as the natural woodland but lower car-
bon content. The former had young trees as it wasaily stages of restoration. It also had less
litter that could feed carbon back into the sodmpared to natural woodland, but more litter
compared to the grass and eroded plots. The natoadland and tree plots had low bulk densi-
ties and higher organic matter, which accountgHerhigher carbon content. This finding corre-
lates with findings by Gudmundsson et al. (2004plk&r & Desanker (2004) and Arnalds
(2015).

Lower carbon levels in the grass plot could be wukmited organic matter build up. The plot
had higher bulk density and coarse soil texturee 3&il would be expected to have poor water
holding capacity and be missing the finer soil ighes. These conditions make it more difficult
for the soil to hold nutrients and accumulate carkidespite not being significantly different
from the eroded plot in carbon content, the grdss ghowed signs of soil properties develop-
ment as its trend in bulk density followed the ttém the natural woodland and the tree plot, i.e.
it was lower in the 0-5 cm depth than the 5- 10 This shows that there could be some level of
organic matter build-up in the upper layers. It Wobe expected that with time a number of
changes in the soil properties could occur. Thegypdot is heavily grazed in spring and autumn.
It was visibly grazed as some bare patches couldoltieed and litter deposition was scarce. It
could be possible that the low carbon content wagsart due to too much of the above-ground
biomass being removed with grazing, as that coedd fto low primary productivity and conse-
guently lower organic matter input into the soiheTbare patches expose soil to erosion, making
it likely to be lost through run off as the terramnot flat. However, Petursdottir et al. (2013)
found, in an evaluation of the short-term progrefssestoration in a similar grass treatment in
the area (but not at the exact same location)ghatmer grazing did not impede the develop-
ment of soil and vegetation. Other studies haveyelver, established strong linkages between
intensity of grazing, condition of grazed land aratbon quantities in soils (Nianpeng et al.
2012). As an agro-ecosystem, the soil in the goéstswould be expected to have lower carbon
than the natural woodland, which was a natural ystem (Lal 2014). Improved grazing man-
agement of the grass plot area would be advisébkbeir study on land use impact on soil car-
bon sequestration of Inner Mongolian grasslandanping et al. (2012) observed that practices
like systematic grazing exclusion helped incre&sesoil carbon, especially in the top 0-50 cm
depth.

The eroded plot had the least amount of soil cathoagh it was not significantly different from
that of the grass plot. The soil was very grittyl dmose and the plot had the highest bulk densi-
ties at both depths. The plot was bare and exposkedth water and wind erosion. The water and
wind erosion could be responsible for loss of miagrte materials from the area leaving it with
only gravelly materials. Frost heaving in the winteonths could also make it difficult for vege-
tation to establish itself. The quality and quantt clay influence amounts of stabilized carbon
in soils (Yanardag 2014). After comparing coarseguesd sandy loam soil and finer textured silt
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loam solil, Borchers & Perry (1992) found that tagdr had higher carbon levels than the former.
This would explain lower carbon levels in the em@md grass plots than in the natural wood-
land and tree plots, which had vegetation coverfaredtextured soil. Since the eroded plot had
scarce vegetation cover and consequently verydahitter inputs, there was no source of organ-
ic matter. Therefore, it can be concluded thatltive soil carbon is likely the result of lack of
vegetation cover.

Overall carbon sequestration rates in soils difeszause of soil type, topography, history of land
use, vegetation cover and hydrology (Marlang eR@04; Arnalds et al. 2013). Contrary to the
findings in this research, Marlang et al. (2004}hgir study on enhancing carbon sequestration
in soils in East Tennessee, USA, found that grésts tnad more carbon than tree and forest
plots. Such differences are bound to occur as ¢ogrgphy of sites and associated factors differ.

4.3 Soil carbon stocks

The sequestration rates estimates were based boagoon amount in the 0-10 cm depth in a
particular plot and the number of years under rasitm. The eroded plot was used as the base-
line, although soil properties differed. The sedqua®n was higher in the tree plot than the grass
plot. From the carbon stocks (Table 2) it can lieneged that restoration with grass sequestered
0.4 t C per ha per year and reclamation with t&224 C per ha per year. The sequestration rate
in the grass was lower than the results of Arnaldsl. (2000). They estimated a carbon seques-
tration of 0.6 t C per ha per year through reclaomabf severely degraded sandy soils. In anoth-
er study in a different area, Arnalds et al. (20a3p found sequestration rates of 0.4-0.63t C
per hgoer year which are comparable to the findings is $kudy in the grass plot.

The sequestration rates in the tree and grass\ptts encouraging considering the short period
of restoration and the stage of trees in the plowever, the sequestration rate in the tree plot
might have been exaggerated by the sampling methdte tree plot, sampling was done close
to the trees along the chosen transect. As desiceéeier, this was done to capture the influence
of trees on carbon amounts as the trees weresidll. The yearly application of fertilizer in the
tree plot, compared to the biennial applicatiorthie grass plot, might also have influenced the
carbon sequestration rates in the tree plot. ltdcalso be speculated that the tree plot might not
have been as highly degraded before restoratioiedtas the grass plot.

4.4 Theuse of Loss on Ignition

The calculated values using LOI were closer tonieasured values than the values of the com-
monly used soil carbon estimation. The commonldusstimation says that 50% of LOI is car-
bon (Brady & Weil 1999) (Table 3). This means th@i can be a good estimator for soil organ-
ic carbon. It is even closer to direct measuremiésizecific equations are developed for specific
soil types using known carbon values (David 1988né¢h et al. 2002) as was done in this study.

45 The Malawi context

The experiences in this research offered the oppitytto acquire knowledge and skills in the
processes of carbon analysis. As Malawi implemtamtd restoration programmes in relation to
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climate change, knowledge of carbon sequestrat@morines imperative. Soil carbon analysis in
this research was done using two methods; direbboameasurement (using a vario MAX CN
elementar analyser) and LOI. The former is an esipermethod in both acquiring and running
costs. However, it is efficient and exact in sarlion measurement. LOI is an inexpensive
method though not always very precise. Furthermbanes not require specialized staff. How-
ever, the analysis showed that the % C from theessgpn equation of LOI was closer to the
% C from direct measurement. Therefore, it was kwmiexl that LOI was a good estimation
method for soil carbon estimation. Its accuracyrioups greatly if it is also possible to do some
direct measurements using precise methods anddineegression to get the equation. These
equations should be for particular soil types. €fme, it could be easier to conduct carbon
analysis in Malawi if a database of equations wneeloped based on different soil types, as is
the case in other countries like the USA. In caestlike Malawi, where it is difficult to afford
expensive methods of soil carbon analysis, LOI ragthe best option.

5. CONCLUSIONS

This study showed that restoration of degraded Ewndugh revegetation can result in a soil
carbon increase. The study also found that reciamatith trees in addition to grass could lead
to more carbon sequestration in the soil than mneateon with grass only. Soil carbon content in
the tree plot was closer to that of the natural dl@ad. The results also showed that the
condition of land and soil also affects the amanintarbon sequestered. The natural woodland
and the tree plot had finer soil texture than theesg and eroded plots. This could suggest that
land under the tree plot had not been as badlyeerad degraded as in the grass and eroded
plots. This also suggests that where land has Ipeeperly restored or kept in its natural
condition, soil properties improve. It is therefoegpected that with time there should be
improvement in soil properties in the grass plot.

There is, however, a need to balance restoratidheofand and its use. It would be a win-win
situation if restored land was given ample time doological processes to be fully established
and restored before the land is subjected to haagy(grazing in this case). It can be suggested
that the management of the grass plot should beowed; grazing should be limited. Annual
fertilization, instead of biennial application, ¢dwbe another option. From this study, it can be
generalized that the FHL project is contributingsexjuestration of carbon into the soil. More
reclamation endeavours are therefore encouraged.

The results also showed that LOI is a good butveog accurate estimator of soil organic carbon
unless equations are developed with respect to krezasbon content. It is therefore, important
for Malawi to develop the status of soil organicbza and equations in the different soil types
of the country. LOI could be used for estimating sarbon based on these equations.
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APPENDICES
Appendix 1. Loss on Ignition results
Treat
ment a b c d e f g h [ LOI %
Grass
plot

Weight

cold Weight Weight
glass+ hot hot
Weight air glasst |Weight | glasst | Weight | Differ-
Sam- | Weight | Weight air dried oven oven soil of soil ence

Cruci- ple of cold | of hot dried sail dried dried soil | after |after 550 | between | % OM
ble no. no. glass glass soil (a+c) Soil (e-b) 550 (g-b) fand h |(i/f)*100)
117 1 18.7293 18.7214 3.0079 21.7372 21.6092 2.8799.4344| 2.713 0.1669 5.7953
193 2 14.988| 14.9815 3.0080 17.996 17.8Y60 2.88.7463| 2.7647| 0.1233 4.2694
194 3 15.0255 15.0191 3.0000 18.0255 17.9212 2.8957.7820| 2.7629| 0.132§ 4.5861
141 4 16.7207 16.7136 3.0075 19.7282 19.6179 2.89¥2.4986| 2.785 0.1122 3.8727
142 5 15.23§ 15.2295 3.00Y9 18.2439 18.1371 2.9018.0161| 2.7866| 0.1145 3.9464
116 6 16.2555 16.2486 3.0098 19.2653 19.1692 2.9189.0349| 2.7863| 0.1274 4.3724
174 7 14.0998 14.0938 3.0076 17.1074 16.9863 2.8866.8480| 2.7542| 0.1323 4.5834
134 8 16.1023 16.0955 3.0086 19.1109 18.9909 2.8888.8345 2.739 0.1496 5.179(
143 9 175039 17.4965 3.0011 20.505 20.3990 2.8980.2441| 2.7476| 0.1475 5.0948
172 10 14.8035 14.7972 3.00Y6 17.8111 17.6808 3.§7¥7.5286| 2.7314] 0.1459 5.0707
Tree
plot a b C d e f g h i i

Weight

cold Weight Weight
glass+ hot hot
Weight air glasst |Weight | glasst | Weight | Differ-
Sam- | Weight | Weight air dried oven oven sail of soil ence

Cruci- ple of cold | of hot dried soil dried dried soil | after |after 550 | between | % OM
ble no. no. glass glass soil (atc) sail (e-b) 550 (g-b) | fandh |(i/f)*100)
138 1 15.3404 15.3339 3.0029 18.3433 18.0R50 2.68465632| 2.2293 0.4553  16.9597
151 2 16.3878 16.3808 3.0000 19.3878 19.0497 2.6615532| 2.1724 0.4895  18.3891
176 3 14.8447 14.8384 3.0043 17.849 17.5893 2.6MB1276| 2.2897 0.4054  15.0449
192 4 154883 15.481 3.0048 18.4931 18.2233 2| B3R8676| 2.3859 0.3491  12.7642
135 5 16.6992 16.6921 3.0050 19.7042 19.4182 2\ MM0425| 2.3504 0.3686  13.5565
152 6 17.7722 17.7647 3.0025 20.7747 20.4946 2.72211338| 2.3691 0.3533 12.9775
139 7 155375 15.5309 3.0083 18.5458 18.2794 2.741R9102| 2.3793 0.3626  13.2244
122 8 16.329 16.3221L 3.0010 1933 19.0263 2.69736428| 2.3206 0.376fy 13.9658
128 9 15.9698 15.963 3.0026 18.9724 18.4510 2.49M29663| 2.0033 0.4879  19.5849
133 10 15.4276 15.4211 3.0094 18.437 17.8p08 2.42823313| 1.9103 0.5129 21.1662
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Erod-
ed plot a b c d e f g h i j
Weight
cold Weight Weight
glass+ hot hot
Weight air glasst |Weight | glasst | Weight | Differ-
Sam- | Weight | Weight air dried oven oven soil of soil ence
Cruci- ple | of cold | of hot dried soil dried dried soil| after |after 550| between | % OM
ble no. no. glass glass soil (a+c) Soil (e-b) 550 (g-b) fand h |(i/f)*100)
190 1 15.9607 15.9539 3.0081 18.9638 18.8654 2.9 7369 2.783 0.121f 4.1898
132 2 16.1471 16.1402 3.0004 19.1475 19.0527 2.908K9193| 2.779] 0.126b 4.3587
104 3 16.8559 16.8488 3.0013 19.8572 19.7570 2.90116349| 2.786] 0.11p 3.9640
171 4 16.889 16.8824 3.0056 19.8952 19.7765 2.88606296| 2.7472 0.1397 4.8391
136 5 15.2879 15.2814 3.0102 18.2981 18.1852 2.839&30394 2.758 0.1398 4.8079
153 6 16.9955 16.9883 3.0084 20.0039 19.8880 2.839%h7348| 2.7464 0.14p 5.0475
186 7 16.147 16.1401 3.0098 19.1568 19.0635 2.91H59402| 2.8001 0.1164 3.9911
191 8 15.1691 15.1626 3.0096 18.1787 18.0586 2.88959130| 2.7504 0.1391 4.8140
170 9 15.7143 15.7076 3.0082 18.7225 18.6R14 2.90AL4911| 2.7834 0.1236 4.2517
150 10 16.5952 16.5881 3.01839 19.6091 19.5170 83.929.4005| 2.8124 0.1094 3.7443
Natu-
ral
wood-
land a b C d e f g h i i
Weight
cold Weight Weight
glass+ hot hot
Weight air glasst |Weight | glasst | Weight | Differ-
Sam- | Weight | Weight air dried oven oven soil of soil ence
Cruci- ple of cold | of hot dried soil dried dried soil | after |after 550 | between | % OM
ble no. no. glass glass soil (atc) sail (e-b) 550 (g-b) | fandh |(i/f)*100)
175 1 16.1635 16.1566 3.0027 19.1662 18.8193 2.638B0906 1.934 0.7218  27.1783
127 2 16.6178 16.6107 3.0038 19.6216 19.2731 2.653985504| 1.9397% 0.7156  26.9499
188 3 15.4293 15.4227 3.0050 18.4343 18.1006 2.671B4520| 2.0293 0.64p  24.0332
106 4 16.3649 16.358 3.00%2 19.3701 19.0852 2.67083380 1.98 0.6908 25.8510
102 5 14.4208 14.4146 3.0084 17.4292 17.1012 2.680B14790| 2.0644 0.61p 22.9816
187 6 14.7969 14.7906 3.0095 17.8064 17.4441 2.64827655 1.9749 0.67283  25.3966
189 7 15.9754 15.9686 3.0024 18.9778 18.5845 2.60919121| 1.943% 0.6656  25.5107
168 8 15.390§ 15.384 3.0073 18.3979 18.0418 2.65123923| 2.0083 0.6429  24.2494
101 9 16.189 16.1821l 3.0017 19.1907 18.7039 2.51491202| 1.938] 0.5768  22.9353
154 10 16.8395 16.8323 3.0055 19.845 19.4P03 2.650B.772| 1.9397 0.7111  26.82%9
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Appendix 2. Direct carbon measurementsusing vario MAX CN elementar analyser

Dry matter
Treatment and sam- correction Corrected
ple number C% C/Nratio factor %C
Eroded plot S# 2 0.664 14.6 0.9634 0.6888
Eroded plot S# 3 0.677 16.0 0.9552 0.7090
Eroded plot S# 5 0.749 15.3 0.9599 0.7804
Eroded plot S# 6 0.907 15.5 0.9507 0.9542
Eroded plot S# 9 0.676 14.9 0.9603 0.7038
Eroded plot S# 9 0.641 15.4 0.9603 0.6675
Grass plot S# 1 1.20 14.4 0.9565 1.2519
Grass plot S# 3 1.52 14.7 0.9574 1.5860
Grass plot S# 3 1.61 14.2 0.9574 1.6767
Grass plot S# 5 0.757 15.9 0.9611 0.7881
Grass plot S# 6 0.830 17.5 0.9613 0.8634
Grass plot S# 8 1.02 16.4 0.9595 1.0631
Natural woodland S#
2 9.44 17.1 0.8601 10.9729
Natural woodland S#
4 8.49 15.2 0.8984 9.4544
Natural woodland S#
5 7.84 14.7 0.9611 8.1556
Natural woodland S#
7 7.55 14.8 0.9613 7.8516
Natural woodland S#
10 8.36 16.8 0.823 10.1605
Tree plot S#2 5.66 15.4 0.8919 6.3443
Tree plot S#4 3.55 16.8 0.8599 4,1232
Tree plot S#6 3.77 16.9 0.9116 4.1343
Tree plot S#7 3.85 16.5 0.9193 4.1851
Tree plot S#9 4.78 15.6 0.8305 5.7584

Note: yellow indicates samples measured repeatedly
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Appendix 3. Dry matter for correcting percentage carbon after direct analysiswith vario

MAX CN
Treatment a b c d e f g
Weight con- Weight Weight | Dry matter
Weight air tainer plus | container | Weight oven (dry
Sample | Weight of | dry soil ball air dried soil | plusoven | moisture | dried soil soil/wet
Grassplot | number | container milled (ath) dried soil (c-d) (d-a) soil) f/b
1 8.73 19.10 27.83 27.00 0.83 18.27 0.956b
3 8.66 17.61 26.27 25.52 0.75 16.86 0.9574
5 8.72 23.4 32.12 31.21 0.91 22.49 0.9611
6 8.73 14.47 23.2 22.64 0.56 13.91 0.9613
8 8.72 12.35 21.07 20.57 0.5 11.85 0.9595
Treeplot
Weight con- Weight Weight | Dry matter
Weight air tainer plus | container | Weight oven (dry
Sample | Weight of | dry soil ball air dried soil | plusoven | moisture | dried soil soil/wet
number | container milled (ath) dried soil (c-d) (d-a) soil) f/b
2 9.15 9.53 18.68 17.65 1.03 8.5 0.8919
4 9.13 11.42 20.55 18.95 1.6 9.82 0.8599
6 8.66 8.94 17.6 16.81 0.79 8.15 0.9116
7 9.25 5.08 14.33 13.92 0.41 4.67 0.9193
9 8.74 7.67 16.41 15.11 1.3 6.37 0.8305%
Weight con- Weight Weight | Dry matter
Weight air tainer plus | container | Weight oven (dry
Eroded Sample | Weight of | dried soil ball | air dried soil | plusoven | moisture | dried soil soil/wet
plot number | container milled (ath) dried soil (c-d) (d-a) soil) f/b
2 8.69 18.05 26.74 26.08 0.66 17.39 0.9634
3 1.12 12.49 13.61 13.05 0.56 11.93 0.955p
5 1.08 17.70 18.78 18.07 0.71 16.99 0.9599
6 8.73 17.85 26.58 25.70 0.88 16.97 0.950y
9 1.12 12.61 13.73 13.23 0.5 12.11 0.9603
Weight con- Weight Weight | Dry matter
Weight air tainer plus | container | Weight oven (dry
Natural Sample | Weight of | dried soil ball | air dried soil | plusoven | moisture | dried soil soil/wet
woodland | number | container milled (ath) dried soil (c-d) (d-a) soil) f/b
2 8.76 7.86 16.62 15.52 1.1 6.76 0.8601
4 8.73 3.15 11.88 11.56 0.32 2.83 0.8984
5 8.65 9.66 18.31 16.95 1.36 8.3 0.8592
7 8.79 7.69 16.48 14.94 1.54 6.15 0.799}
10 8.73 8.70 17.43 15.89 1.54 7.16 0.8230
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Appendix 4. Comparison of different percentages of carbon using different methods of es-

timation
Sample LOI % C meas- % C Calculat- % C at 50%
Treatment No. % ured ed (50/100*L Ol)
Grass plot 1 5.8 1.25 1.43 29
3 4.59 1.67 0.96 2.295
5 3.95 1.63 0.71 1.975
6 4.37 0.86 0.88 2.185
8 5.18 1.06 1.19 2.59
Eroded plot 2 4.35 0.69 0.87 2.175
3 3.96 0.71 0.72 1.98
5 4.81 0.78 1.05 2.405
6 5.04 0.95 1.14 2.52
9 4.25 0.69 0.83 2.125
Treeplot 2 18.39 6.34 6.34 9.195
4 12.76 4.12 4.15 6.38
6 12.98 4.13 4.23 6.49
7 13.22 4.19 4.33 6.61
9 19.58 5.76 6.81 9.79
Natural woodland 2 26.95 10.97 9.68 13.475
4 25.85 9.45 9.25 12.925
5 22.98 8.16 8.13 11.49
7 25.51 7.85 9.12 12.755
10 26.83 10.16 9.63 13.415
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