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Abstract

Soil is a limited global resource, and it is threatened by anthropogenic activities like erosion,
infertility from excessive use of chemical fertilizers and desertification that is amplified by
climate change. This research analysed soils and subsequent data from a revegetation study
by the Soil Conservation Service of Iceland and aimed to address the effects of various soil
amendments on soil properties and vegetation cover. Four organic soil amendments
including municipal waste, bokashi, chicken manure, and bonemeal were compared to two
application rates of chemical fertilizers and a control. Methods involved i) analysis of soil
samples for pH, soil organic matter, C/N, and available carbon; ii) vegetation surveys
measuring vegetation height and vegetation cover in 2021 and 2022; and iii) a tea-bag index
study to investigate decomposition rates in soil. Soil pH was significantly higher in bonemeal
plots than in plots where higher dose of chemical fertilizer was applied. For 2021, grass
cover and vegetation height were significantly greater in chemical fertilizer plots than the
control. Two years post application (2022), vegetation cover was significantly higher for
plots with chemical fertilizer, bonemeal, and chicken manure than the control.
Decomposition rates did not vary among the treatments, but the litter stabilisation factor was
significantly higher for chicken manure than in the control and bokashi plots. Organic soil
amendments like chicken manure and bonemeal can be alternatives to chemical fertilizers.
This study is an important step for reducing waste and achieving circular economy by
restoring soils using locally sourced organic soil amendments.

Utdrattur

Jardvegur er takmorkud audlind sem er 6gnad med margvislegum heetti s.s. rofi, 6frjésemi
vegna Ohoflegrar notkunar & tilbGnum aburdi og eydimerkurmyndun tengd
loftslagsbreytingum. I rannsokninni sem hér er lyst eru skodud ahrif mismunandi gerda
lifreens aburdar & framvindu grédurs og jardvegs, en han er hluti af uppgraedslutilraunum &
vegum Landgradslunnar. Fjorar gerdir lifreens aburdar aburdar voru profadar: molta,
bokashi molta, kjuklingaskitur og kjotmjol og bornar saman vid tvo mis-stéra skammta
tilbdins &burdar og vidomid par sem ekkert var borid &. Malingar sem voru gerdar: i) greining
a jardvegi: melingar a syrustigi, kolefnisinnihaldi, C/N hlutfalli og audleysanlegu kolefni;
i) meelingar & grodurpekju og grédurhaed 2021 og 2022; iii) melingar & nidurbroti orvera
med s.k. tepokaadferd (tea bag index: TBI). Syrustig reyndist marktekt haerra par sem
kjotmjol var notad, en marktaekt leegra par sem tiloGnum &burdi var dreift. Pekja grasa og
grodurhaed voru marktekt meiri en i viomidi arid 2021 par sem steerri skammtur tilbuins
aburdar var notadur , en 2022 jokst pekjan par sem notad var kjotmjol og kjuklingaskitur og
vard, asamt tilotna dburdinum, heerri en vidmid pad arid. Orveruvirkni var svipud i 6llum
medferdum, en “stabilisation factor” var marktaekt haerri par sem notadur var kjuklingaskitur
heldur en i vidmid og bokashi medferdum. Ljost er ad kjotmjol og kjuklingaskitur geta
heeglega komid i stad tilbuins aburdar i uppgraedslu. Rannsoknir af pessu tagi skipta mjog
miklu mali i peirri vidleitni ad draga ar séun lifreenna efna i anda hringrasarhagkerfisins og
nyta lifreen stadbundin aburdarefni.
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1 Chapter 1 - Literature Review

1.1 Introduction

Soil is a limited and a non-renewable resource, and healthy soils are a basic prerequisite for
terrestrial life on Earth (European Commission et al., 2020). Soils meet various needs like
food and energy, and ensure the provision of essential ecosystem services like biomass
production, erosion control, freshwater availability, habitat (from microorganisms to
mammals), and climate regulation to name a few (Pierzynski & Brajendra, 2017). Even
though soils are fundamental to life on Earth, they are threatened by anthropogenic activities
at an alarming rate and reaching critical limits which can have disastrous consequences for
humanity (Pierzynski & Brajendra, 2017). The most severe threats to soil include soil
erosion, change in soil organic carbon (SOC) and nutrient imbalance followed by “soil
salinization and sodification, soil sealing and land take, loss of soil biodiversity, soil
contamination, soil acidification, soil compaction and waterlogging” (Pierzynski &
Brajendra, 2017). Climate change exacerbates these soil threats through increased
temperatures and altered precipitation patterns, intensifying processes like erosion and
degradation (IPCC, 2019). The resulting impact on soil structure and fertility poses
significant challenges for sustainable land management and agriculture, further jeopardizing
global food security (FAO, 2016). Integration of soil into policy formulation has been
lacking in the majority of the world's regions due to various reasons such as lack of readily
accessible evidence for policy action, challenges associated with privately owned natural
resources, changes in soils over long-time scales, and delayed response to critical thresholds
by communities and institutions (FAO & ITPS, 2015b). The global lack of legislations and
policies for soil management and conservation is evident in the limited attention given to
soil in international agreements (Montanarella, 2015a, 2015b; Ruppel, 2022). The intricate
relationship between soil-based ecosystem services, soil functions, and soil threats is evident
(Bunemann et al., 2018). For instance, soil erosion disrupts soil structure by accelerating the
loss of topsoil, impairing water regulation processes, which subsequently reduces water
availability for ecosystems (Brady & Weil, 2014). Similarly, loss of soil organic carbon
affects soil fauna, subsequently disturbing nutrient cycling of carbon and nitrogen, and
causing changes in soil’s capacity to sequester carbon and leading to unsustainable
agroecosystems (Brussaard et al., 2007). The combination of soil threats, anthropogenic
climate change and lack of legislation and policies for protecting soil as an essential resource,
leads to further deterioration of soil functions and processes. This deterioration
consequentially becomes another threat to soil-based ecosystem services creating a positive
feedback loop.
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1.2 Soil degradation and use of synthetic
fertilizers

Humans are heavily dependent on soils and have been exploiting them for agricultural purposes
for about 12000 years (National Geographic Society, 2023). The rapidly increasing human
population, currently at eight billion (Wilmoth et al., 2023), requires a vast food supply, 95%
of which comes from soil (Borrelli et al., 2020; FAO, n.d.). This has led to the excessive
production and consumption of synthetic or chemical fertilizers to boost agricultural
production. Since 1990, there has been approximately a 46% increase in global agricultural use
of inorganic fertilizers (56% nitrogen, 24% phosphorus and 20% potassium) and in 2020, the
total amounted to about 200 million tonnes (FAO, 2022c). The nitrogen-based synthetic
fertilizers are manufactured by converting atmospheric nitrogen into ammonia using the
methane-fed Haber Bosch process, which emits 1.5 to 1.6 tonnes of carbon dioxide (CO,)
equivalent for each tonne of produced ammonia (NHs3) and accounts for 1.2% of global
anthropogenic CO, emissions (Smith et al., 2020). These nitrogen-based synthetic fertilizers
added to managed soils then again contribute to greenhouse gas (GHGs) emissions in the form
of nitrous oxide, N.O (FAO, 2022a, 2022b). After the addition of nitrogen based synthetic
fertilizers, microbial processes (nitrification and denitrification) emit N2O directly, while
leaching processes cause indirect emissions of N2O. The direct N2O emissions associated with
the increasing use of synthetic fertilizers have also been on the rise since 1990 (FAO, 2022a).
These inorganic fertilizers, being highly soluble in water, are also transported from soils by
run-off water to large water reservoirs causing eutrophication (Jwaideh et al., 2022).

Soil degradation is accelerated by extensive use of these inorganic or synthetic fertilizers in
modern agricultural practice to increase crop yields in a short amount of time (Kopittke et al.,
2019). Chemical fertilizers enhance crop productivity and soil fertility by altering
physicochemical and biological properties of soil (Pahalvi et al., 2021; Ram et al., 2016). Their
continuous use causes changes in soil organic matter (Hao et al., 2008; Li et al., 2017,
Schjenning et al., 1994) which then couples with a decrease in quality of agricultural soil
(Jadhao et al., 2019; Stehlikova et al., 2016). The extensive application of chemical fertilizers
hardens the soil, reduces soil fertility (Castillo et al., 2022; Pilbeam et al., 2005), pollutes air,
water, and soil (Ghaly & Ramakrishnan, 2015), and decreases important nutrients of soil and
minerals (Chen et al., 2010), thereby resulting in environmental hazards (Rashmi et al., 2020;
Savci, 2012a, 2012b). Their use alone is sufficient to weaken microbial activity in the cropping
system (Hao et al., 2008; Jangid et al., 2011; Li et al., 2022). The continuous application of
these chemical fertilizers can alter the pH of soil causing soil acidification (Chakraborty et al.,
2011; Verde et al., 2010), stunting plant growth (Kleinschmidt & Gerdemann, 1972) and lead
to the emission of greenhouse gases (Chataut et al.,, 2023; FAO, 2022b; Walling &
Vaneeckhaute, 2020). All these factors can affect soil biodiversity by disrupting overall soil
health (Pahalvi et al., 2021). The excessive use of chemical fertilizers may help achieve fast-
paced crop production for economic yields in the short term. However, in the long run,
chemical fertilizers degrade soils, devoid them of their organic sources and weaken their
natural ability to perform functions and ecosystem-based services, consequently making them
unproductive (Massah & Azadegan, 2016; Raghavendra et al., 2020). In some cases, the
excessive use of synthetic fertilizers can even cause soil acidification (Qiao et al., 2018) and
land deterioration (Chaudhuri et al., 2023). This can hinder long term food security at the global
level, as well as global biogeochemical cycles that are responsible for maintaining global
temperatures (Mirzabaev et al., 2019; Smith et al., 2019). To keep up with the increased
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demand for fertilizers, fertilizer production increases which further causes GHG emissions into
the environment (FAO, 2022a; Ouikhalfan et al., 2022; Smith et al., 2020). The chemical
fertilizers are also expensive for farmers, especially when they are imported and dependent on
the international market and producers (Baffes & Koh, 2023; European Commission, n.d.-a;
World Bank Group, 2023). Russia is a leading producer and exporter of potassium, nitrogen,
and phosphorus fertilizers (FAO, 2022d; Gay et al., 2022; OECD/FAQ, 2023) and the current
situation of Russian aggression in Ukraine has highlighted how geopolitics can make the
importation of fertilizers and other goods more difficult and expensive (United Nations, 2022).
These costs not only include the buying prices, but also the future costs associated with food
prices, slowly developing soil infertility, and machinery and practices required to heal the soil
from the overuse of chemical fertilizers (European Commission et al., 2020; OECD/FAO,
2023).

Soil continues to degrade at steep rates due to anthropogenic impacts, with 33% of the Earth's
soils already degraded and over 90% at a risk of degradation by 2050 (European Commission
Joint Research Centre, n.d.; FAO, n.d.; FAO & ITPS, 2015c). Soil erosion, which is one of the
major causes of soil degradation (FAO & ITPS, 2015c; Montanarella et al., 2016; Panagos et
al., 2019), is ongoing at an average rate of 3.2 to 19.8 t ha* yr* for Europe alone and exceeds
the rate of soil renewal (1.4 t ha* yr'?) through weathering and pedogenesis for 24% of the EU
(Panagos et al., 2015; Verheijen et al., 2009). Given this, it is essential to understand soil
degradation and implement effective actions towards soil conservation by treating soil as an
ecosystem rather than a daily commodity. Soil is a non-renewable finite resource (FAO, 2015)
and soil formation and restoration take much longer than its usage and degradation (Ferreira et
al., 2022; Nearing et al., 2017; Panagos et al., 2019; Panagos et al., 2015). According to FAO
(n.d.), it takes about 1000 years to produce just 2-3 cm of soil and this can vary with the type
and state of soil (Brady & Weil, 2014). This highlights the importance of scientifically
examining various factors that are involved in soil formation as well as restoration in order to
deal with the problems facing this limited resource. This is especially necessary for relatively
young soils, such as Icelandic Andosols and Vitrosols, which are prone to degradation due to
a positive feedback loop caused by human activities, evolving soil composition, and extreme
weather conditions (Arnalds, 2004, 2015; Crofts, 2011).
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1.3 Soil restoration through organic soil
amendments

The use of organic soil amendments as an alternative to chemical fertilizers has been gaining
popularity, due to their potential capacity of assisting soil functions and processes alongside
providing required nutrients for plant growth (Diacono & Montemurro, 2011; Guerrero et al.,
2001; Hueso-Gonzalez et al., 2018). The European Union Soil Strategy for 2030 also mentions
the use of sustainable soil management practices to cut down fertilizer costs and environmental
stresses caused by overuse of synthetic fertilizers (European Commission Directorate-General
for Environment, 2021a, 2021b). Organic soil amendments assist the soil formation process
and provide soil with long term restoration ability (Diacono & Montemurro, 2011). Other
environmental benefits include improved soil quality, reduced GHG emissions and
environmental pollution, enhanced nutrient cycling, increased carbon sequestration, and
mitigation of climate change in the long-term (Aytenew & Bore, 2020; Diacono &
Montemurro, 2011; Gravuer et al., 2019; Hueso-Gonzalez et al., 2018; Scotti et al., 2013). The
use of waste as a form of an organic soil amendment has the potential to reduce the problem of
landfills and associated GHG emissions and promote circular economy (Arias et al., 2022;
European Commission, n.d.-b). In addition, organic soil amendments can decrease the use of
synthetic fertilizers, increase food quality (Hornick, 1992; Li et al., 2022), and promote waste
reuse (Beesigamukama et al., 2023; Golueke & Diaz, 1996; Jones & Healey, 2010). In the
long-term, they can also reduce the costs associated with imported fertilizers, waste
management and soil restoration efforts by promoting the use of locally sourced soil
amendments, both for agricultural production as well as soil restoration, such as compost made
from municipal waste or household food waste, sewage sludge, poultry manure, bone meal and
seaweed/kelp compost (Brady & Weil, 2014; Gdmez-Sagasti et al., 2018; Mekuria et al., 2013).
The European Commission’s first action plan to achieve circular economy also stresses the
importance of using organic and waste-based fertilizers to facilitate circulation of recycled
nutrients (European Commission, 2015). Organic soil amendments also have possible
drawbacks and challenges such as bulkiness, low and irregular nutrient content, high C/N ratios
(Méller & Schulthei3, 2015; NRCC, 1983; Quynh & Kazuto, 2018; Silva, 2018), high costs of
transportation and application (Kuppusamy et al., 2016; Mekuria et al., 2013; Sarauskis et al.,
2021; Wang et al., 2018), threats to human and animal health due to risk of pathogens (Azevedo
& Stout, 1974; Crane et al., 1983; Goss et al., 2013) and harmful gas emissions like H.S, NHs,
COo, and CH4 (Goss et al., 2013; Kirkhorn & Garry, 2000; Zhang et al., 2010), lack of quality
control causing eutrophication and ground water contamination (Azevedo & Stout, 1974; Goss
et al., 2013; Janzen et al., 1974). Due to the aforementioned disadvantages, these soil
amendments need to be scientifically tested to assess and optimise their use for agricultural and
land restoration purposes.
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1.4 Status of soils in Iceland

“The parent materials of all Icelandic soils are volcanic in origin” (Arnalds, 2004), with a
mixture of tephra layers and aeolian sediments consisting mostly of volcanic glass (Arnalds,
2004). Icelandic soils are unique as they are relatively young, receive large amounts of aeolian
inputs, are of basaltic origin, occur in low temperatures with a wide range of precipitation, and
their surface has little vegetation cover, some with a desert like appearance (Arnalds, 2004,
2015). Icelandic soils are mainly categorised as Histosols, Andosols, Vitrisols, and other soils
(e.g. Leptosols, Cryosols, and Calcisols) as shown in Figure 1.1 (Arnalds, 2004, 2015).
Andosols, covering over 50% of Icelandic soils, are further classified as Histic, Gleyic, and
Brown Andosols based on the amount of steady aeolian input and drainage category (Arnalds,
2004, 2015). Vitrisols, constituting about 30% of Icelandic soils, are subdivided into four
classes as Cambic, Gravelly, Arenic and Pumice Vitrisols (Arnalds, 2004, 2015). Histosols
have the highest carbon content (>20%) and water holding capacity with acidic pH (4 to 5.5).
Vitrisols have very low carbon content (<1.5%), low water holding capacity and alkaline pH
(7-7.9), while Andosols lie between Histosols and Vitrisols in terms of carbon content, water
holding capacity, and pH range (Arnalds, 2015).

Icelandic soils tend to retain high amounts of phosphorus (> 90% for Andosols and 25-80% for
Vitrisols) reflecting the presence of allophane in these soils (Arnalds, 2004). Andosols also
have a tendency to accumulate organic matter through formation of allophane-organic matter
complexes and metal humus complexes and can even store more carbon reserves per unit area
in comparison to other dryland soils (Arnalds, 2015). As the basaltic material weathers, it
releases calcium and tends to react with atmospheric CO; to form bicarbonate and CaCO3
which can precipitate both in the oceans and rocks (Arnalds, 2015). This highlights how land
degradation, caused by overexploitation of these volcanic soils, leads to the reduction of carbon
levels in Icelandic soils, and causes the release of CO; into the atmosphere (Arnalds, 2015).
Therefore, rapid carbon sequestration can be achieved by restoring these degraded areas in
volcanic regions (Arnalds, 2015). At a global scale, Andosols have double the rate of soil
organic carbon sequestration compared to other soils, indicating the great potential of carbon
sequestration in Iceland (Crofts, 2011).
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Soil Class Identification pH(H,0)
H Histosol >20% C 4-55

[ HA Histic Andosol 1220 % C 4.5-5.5
- ) . (H-BA) Andosol § GA Gleyic Andosol < 12% C ; gleiing/mottles 4.5-72
=l (HA) I (GA-BA) L BA Brown Andosol <12 % C, dry ; >6 % allophane  5.5-7.5
Il (BA) [ (BA-HA-H) E (SV-L) [ MV/GV  Cambic Vitrisol <1.5% C ; <6 % allophane
I (SV) W (BA-HA-GA) (C-GA) Vitrisol 4 SV Arenic (Sandy) Vitrisol  Sand, <1.5 % C 779
o ::)V) WV - GV) B Lakes & Rivers | PV Pumice Vitrisol Pumice >2 mm
- . (V) (] Glaciers . s Leptosol Rock/scree n/a

Other soils
L C Cryosol Permafrost n/a

n/a: data not available

Figure 1.1 Icelandic soils and their types. Map taken from Arnalds (2015) and pH(H-0) data for soil classes taken from Arnalds (2004)
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Soil degradation in Iceland

Iceland is well-known today for its vast barren landscape, but the iconic scenery is a
relatively recent development as it is believed to have been covered with lush vegetation and
woodlands before the first Norse settlers arrived in the late ninth century (Jonsson, 2004).
The country used to be vegetated at the time of settlement (~900 AD), with forest and
shrublands covering up to 25% of Iceland (Arnalds, 2015; Crofts, 2011). Forest cover was
reduced to <1% by 1950 and is now about 1.9%, increasing the cover of barren land (Crofts,
2011; Eysteinsson, 2017). This has been linked to intensive human utilization of the land
following the settlement. The overexploitation of land caused by human activities such as
deforestation and overgrazing, especially during colonisation of Iceland disrupted the pre-
existing delicate balance between harsh growing conditions, sensitive vegetation, and slow
soil formation (Crofts, 2011). These human activities provided ideal conditions for wind and
soil erosion, leading to the desertification of Icelandic soils (Crofts, 2011). In general, this
desertification occurred in six phases. Firstly, the extensive cover of birch, forbs, grasses,
and willows was replaced by heathland. Then grazing and vegetation removal caused
development of erosion spots and patches, followed by the appearance of erosion fronts and
escarpments, and islands of original vegetation and soil as erosion escarpment (Icelandic
term: rofabard). The vegetation and soil then increasingly began to disappear. The end point
was a true desert surface of bare glacial till or sand, with poor water retention capacity, low
nutrient status, no organic matter, and no seed sources (Aradéttir, 2003; Arnalds et al., 2001,
Crofts, 2011). About 1.6 billion tonnes of CO2 have been lost owing to three million hectares
of soil and vegetation loss (Crofts, 2011). Other than the 13™ century, loss of vegetation and
soil erosion were greatest in the 19th century (Crofts, 2011). Based on the recent findings of
the GroLind project, there is severe erosion in 37% of Iceland and 29% of the country’s
grazing areas (Marteinsdottir & Stefansson, 2020).

Soil restoration efforts in Iceland

The history of reclamation activities in Iceland dates to the early 20" century. In 1907, the
first legislation on land reclamation and soil conservation was introduced as “a Bill on
forestation, soil reclamation and defences against desertification” (Crofts, 2011). To begin
with, the focus was mainly on forestation based on the “Act on Forestry and Mitigation of
Soil Erosion of 1907 (Rundlfsson, 1987). Laws that were passed in 1914 (Act on Land
Reclamation) and 1923 established the foundation of what later became the Soil
Conservation Service (Rundlfsson, 1987; Rundlfsson & Arnalds, 2004).

Fertilizers were first used for increasing vegetation cover during the 1950s, with further
testing and trials performed at Gunnarsholt (Crofts, 2011). The process of spreading fertilizer
and seeds over challenging terrain for land reclamation was done for many years using
aircrafts, and heavy equipment such as tractors on land (Arnalds et al., 1987; Crofts, 2011,
Rundlfsson, 1987). The effect of fertilization on vegetation cover varied based on the type
of soils, but there was no general consensus on the level and mix of fertilizers (Crofts, 2011).
The research took a wider approach in 1990s and had the goal to foster soil formation and
vegetation succession and included activities such as investigating soil fauna, assessing
carbon sequestration potential on land reclamation sites, mapping soil erosion in Iceland,
establishing a geographical information system, and cooperative approaches like training
programmes in restoration (Crofts, 2011). In recent years, one of the most ambitious soil
reclamation projects in Iceland is the Mt. Hekla afforestation project, which began in 2007
(Aradottir et al., 2013; Hekluskégar, 2015; Oskarsson et al., n.d.). The 900 square km area
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had historically been forested with birch and willow, but over time the soil succumbed to
severe soil erosion and desertification due to a combination of volcanic activity and human
induced disturbances. The goal of the project was to create a stable ecosystem that could
withstand the inevitable volcanic eruptions from Mt. Hekla, using methods such as fertilisers
and grasses to stabilise the volcanic surface layer of the soil. The project has been a success
and large areas have now been transformed from desert landscapes to grassy fields and young
birchwood forests (Oskarsson et al., n.d.). This supports the possibility that introducing
nutrient rich soil amendments to the Icelandic Andosols may prove effective for restoration.
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1.5 Current research on efficacy of organic soil
amendments

This section synthesizes current literature and research related to the efficacy of organic soil
amendments and their effects on soil properties, especially those of Andosols, and subarctic
vegetation growth. This is helpful in finding trends and to identify gaps, challenges, and
future research priorities for implementing soil restoration activities using organic soil
amendments, highlighting current research involving degraded Andosols in subarctic
regions. Various combinations of search strings such as organic soil amendments, soil
properties, Andosols, subarctic vegetation, synthetic fertilizers, and types of organic soil
amendments were used to find relevant literature since 1970. Table 1.1 shows the number of
publications found via Google Scholar and Web of Science using different string
combinations. Due to the high number of publications on Google Scholar, the Web of
Science was used primarily to find relevant literature related to the effects of organic soil
amendments on soil properties and vegetation growth for Andosols and subarctic vegetation.
In addition, publications were also used from GréLind (n.d.), GRO LRT (n.d.), SCSI (n.d.-
b) and Skemman (n.d.) for research focussed on Iceland.

Table 1.1 Number of publications based on keyword searches via Web of Science and
Google Scholar.

Number of Publications

Keywords used Web of Science Google Scholar
organic soil amendments + Andosols 12 10700
organic soil amendments + subarctic vegetation 7 12600
organic soil amendments + soil properties + 5 9610
Andosols

organic soil amendments + vegetation + Andosols 0 10400
poultry waste + soil properties + Andosols 1 1740
synthetic fertilizers + soil properties + Andosols 1 9520
bokashi + soil properties + Andosols 0 78
bonemeal + soil properties + Andosols 0 78
chicken manure + soil properties + Andosols 0 1920
bokashi + vegetation + Andosols 0 218
bonemeal + vegetation + Andosols 0 84
chicken manure + vegetation + Andosols 0 2070
poultry waste + vegetation + Andosols 0 1830
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Organic soil amendments, Andosols, and subarctic vegetation

Overall, 14 publications that were relevant or partially relevant to the effects of organic
amendments on Andosols were found on the Web of Science using the search strings
‘organic soil amendments’ and ‘Andosols’ OR ‘organic soil amendments’, ‘soil properties’
and ‘Andosols’ OR ‘soil amendments’, ‘soil properties’, and ‘Andosols’ OR ‘fertilizers’,
‘soil properties’, and ‘volcanic soil’ (Table 1.2). Organic amendments seem to show
promising results related to changes in soil properties of Andosols, such as increasing soil
pH due to liming and heat treatment (Verde et al., 2010). They can also decrease soil pH
due to acidic nature of some amendments (Hirzel et al., 2018; Krause et al., 2016; Verde et
al., 2010). For example, Krause et al. (2016) and Hirzel et al. (2018) found that addition of
compost caused an increase in soil pH, while chemical fertilizer application was responsible
for a steady decrease in soil pH. Verde et al. (2010) also observed a similar decrease in soil
pH due to addition of chemical fertilizer, but an increase in soil pH due to liming and heat
treatment. Furthermore, organic amendments can stabilise soil organic carbon (Reid &
Naeth, 2005b) through microbial processing of substrates causing an increase in mineral-
associated surfaces and microbial biomass (Wilhelm et al., 2022). They can increase carbon
mineralization through liming and phosphate application (Matsuoka-Uno et al., 2022), and
also increase soil carbon sequestration with biochar application (Koga et al., 2017). In
contrast, Castillo et al. (2022) found a decrease in soil organic carbon and microbial biomass
carbon by more than 50% over 20 years of peanut monoculture in comparison to one year
cultivation, while Oshima et al. (2015) and Verde et al. (2010) saw a decrease in total carbon
due to heating. Organic amendments can reduce metal contamination (Gorbacheva et al.,
2009; Hagner et al., 2021; Verde et al., 2010), sequester chlordecone an organochlorine
insecticide (Clostre et al., 2014), and increase disease suppression in subsoil (Oshima et al.,
2015). They can increase levels of phosphorus and are effective in mitigating phosphorus
deficiency (Hirzel et al., 2018; Krause et al., 2016; Takahashi, 2014; Wickramatilake et al.,
2010). Moreover, organic amendments can increase pools of nitrogen and carbon (Liu et al.,
2020; Matsuoka-Uno et al., 2022), and nutrient uptake (Krause et al., 2016; Reid & Naeth,
2005a, 2005b; Wickramatilake et al., 2010). For example, Wickramatilake et al. (2010)
found that phosphorus uptake increased by the addition of compost, poultry manure and rock
phosphate. Takahashi (2014) observed that organic phosphorus remained the same for soils
with or without compost, while the inorganic phosphorus increased significantly after 22
years of compost application. Organic amendments such as biochar can also increase soil
porosity (Koga et al., 2017). Treatments such as liming, phosphorus addition, horse manure,
and sewage sludge can increase the soil’s cation exchange capacity (Anda & Dahlgren, 2020;
Guadalix & Pardo, 1994; Reid & Naeth, 2005b). Several studies highlight how high
temperature and chemical fertilization can decrease soil carbon, soil CEC, soil pH, and
increase soil salinity (Hirzel et al., 2018; Oshima et al., 2015; Verde et al., 2010). Compost,
as an organic amendment, showed potential for mitigating soil acidification and phosphorus
deficiency (Krause et al., 2016) but it was also associated with higher methane emissions
especially in paddy fields (Kajiura et al., 2018). Organic amendments, such as liming
materials and biochar, offer great potential for soil carbon sequestration in Andosols and
serve as a powerful strategy for mitigating global warming (Koga et al., 2017; Verde et al.,
2010).

Seven publications on the effects of organic amendments on subarctic vegetation were found
using the search strings ‘organic soil amendments’ and ‘subarctic vegetation’ (Table 1.3).
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Organic amendments, such as compost, peat moss, and sewage sludge, seem to be promising
towards increasing plant growth and crop yields (Hagner et al., 2021; Krause et al., 2016;
Reid & Naeth, 2005b) while making the ecosystem resilient to changes with nutrient addition
(Liu et al., 2020) in the long term. Organic amendments, like sewage sludge, peat moss, and
papermill sludge, showed an increase in nutrient availability (Reid & Naeth, 2005b).
Amendments that added direct phosphorus and nitrogen also seemed to increase carbon and
nitrogen pools while enhancing plant growth in the long-term (Liu et al., 2020). Hagner et
al. (2021) found that biochar application not only facilitates grass succession and higher
plant biomass, but it also decreases the accumulation of metals in plant tissues. One study
found that even though lake sediments show promising plant growth initially, this growth
decreases after two seasons and is negatively affected at higher application rates (Reid &
Naeth, 2005a, 2005b). Giesler et al. (2012) stress that although the prominent view is that
northern ecosystems are limited by nitrogen, another co-limiting nutrient in subarctic tundra
is phosphorus. Moreover, Reid and Naeth (2005a) state the need to address both structural
and nutrient limitation to favour plant growth. Organic amendments such as biochar, sewage
sludge, and peat moss seem to be effective substitutions for chemical fertilizers to increase
plant growth.

Additionally, 17 publications were found from GréLind (n.d.), GRO LRT (n.d.), SCSI (n.d.-
b) and Skemman (n.d.), which focussed on changes in Andosols and subarctic vegetation in
Iceland due to the application of organic amendments (Table 1.4). Overall, organic soil
amendments had positive impacts on soil properties and vegetation growth. For example,
Asare (2019) observed an increase in soil organic matter due to application of bonemeal.
The total soil nitrogen increased by presence of tea-leaved willows (Salix phylicifolia)
(Balikoowa, 2014) and purple beach pea (Lathyrus japonicus) (Battogtokh, 2018). Tjilumbu
(2012) mentions the reclamation of eroded areas as a potential strategy to increase soil
carbon, nitrogen, and plant biomass over decades and highlights the influence of vegetation
in accumulation of aeolian material and soil development. Soumana (2013) emphasizes the
increase in soil carbon and nitrogen when soil pH decreases with restoration age. Treatments
such as bio-slurry (Berihu, 2021), composted municipal waste (Mdolo, 2016), and tea-leaved
willows (Balikoowa, 2014) show increase in soil phosphorus. Nootka lupine (Lupinus
nootkatensis) also mobilizes phosphorus in Icelandic Andosols increasing available
phosphorus for plants and seems as a potential cost-effective method for phosphorus
mobilization (Nakanyala, 2012), but care is needed as this plant is an invasive species in
Iceland (Magnusson, 2010). Gudmundsson et al. (2014) observed that any fertilizer surplus
phosphorus in soil increases only in top 5cm of soil even if the phosphorus application rate
increases and most of it is inorganically bound. Poulsen (2011) investigated the negative
effect of fluoride pollution in soil on its health and fertility and observed the toxicity of high
fluoride concentration on soil microbial communities and phosphatase activity. Chemical
fertilizer increased vegetation cover and vegetation height (Brenner, 2016), but they were
also responsible for increased CO> efflux and had little effect on tree growth (Jonsson &
Sigurdsson, 2010). Research on sunflower seed cake as an organic amendment showed
potential for replacing inorganic fertilizers to increase maize production (Mbewe, 2015).
However, some studies did not find any significant changes in soil properties and vegetation
cover due to addition of organic amendments such as bonemeal, sewage sludge, and chicken
manure (Asare, 2019; Brenner, 2016). Organic soil amendments such as bonemeal, sewage
sludge, sunflower seed cakes, chicken manure, and tree thinning residues have future
potential for increasing soil organic carbon stocks (Asare, 2019; Askelsdéttir, 2012) and
improving soil health by increasing nutrient input during the soil formation phase (Mdckel,
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2016; Tjilumbu, 2012). Land management practices including natural regeneration (Teferi,
2011), regenerative agriculture (Hill, 2023), and presence of plants like purple beach pea
(Battogtokh, 2018) and tea-leaved willows (Balikoowa, 2014) also acted as a low-cost
alternative to synthetic fertilizers for vegetation growth and soil health improvement,
benefiting long term land restoration of severely degraded soils (Balikoowa, 2014; Teferi,
2011).
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Table 1.2 Summary of key findings of literature review on effects of soil amendments on Andosols. Search strings such as “organic soil
amendments”, “Andosols”, “soil properties”, “fertilizers”, and/or “volcanic soil” were used on the Web of Science to find articles. Relevant
articles mentioned the effects of soil amendments on Andosols, while partially relevant articles mentioned effects of amendments on any type of
soil.

S.
No. Publication Relevance Result Summary
1 Krause et al. Relevant - CaSa compost (containing sanitized human excreta and biochar) most effective in mitigation of soil acidification and
(2016) phosphorus deficiency
- Biogas slurry, standard compost, and CaSa compost enhanced crop productivity and viable substitutes of synthetic
fertilizers
2  Clostre etal. Partially - Compost provides a substitute method to phytoextraction or microbial degradation of chlordecone (organochlorine
(2014) relevant insecticide and popular soil pollutant)
- Compost lowered transfer of chlordecone in radish and cucumber at field scales
3  Kajiuraetal. Partially - Andosols had lowest CH4 emissions among all soil types compared
(2018) relevant - Manure, Compost, and straw incorporation increased CH4 emissions in rice paddy fields
- No effect on N20 emission due to change in levels of Nitrogen fertilizer application
4 Verdeetal. Relevant - Total N & total S decreased with an increase in temperature
(2010) - pH of leachates decreased for all treatments, with lowest being in control and only tilling treatment
- Higher release of Al and Ca?* in heated soils relative to unheated soils
- Heat had negative influence on Ca?* solubilization in limed soils
- Higher solubilization of SO42 and release of NO3™ in fertilized soils than non-fertilized soils
5  Wilhelm et al. Partially - Soil organic carbon stabilised in soil with low rainfall
(2022) relevant
6  Oshimaetal. Partially - In soil heated at 400 °C, cation exchange capacity decreases while soluble aluminium quantity increases compared to
(2015) relevant subsoil
- Addition of Al(OH)3; and Al-humic acid increase disease suppression in subsoil
7 Andaand Partially - Long-term land use changes caused reduction in allophane materials with an increase in associated Al-humus complexes
Dahlgren (2020) relevant in upper two horizons of tea plantation soils, and reduction in ferrihydrite in horticultural soils
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10

11

12

13

14

Takahashi (2014)

Matsuoka-Uno et
al. (2022)

Castillo et al.
(2022)

Guadalix and
Pardo (1994)

Koga et al. (2017)

Wickramatilake et
al. (2010)

Hirzel et al.
(2018)

Partially
relevant

Partially
relevant

Partially
relevant
Relevant

Relevant

Relevant

Relevant

Soil management practices effectively change surface charge characteristics

Inorganic phosphorus (P) increased significantly after 22 years of compost application
Organic phosphorus was same for both composted and non-composted soils
Inorganic phosphorus existed more in recalcitrant fractions for composted crop residue than animal manure compost

For allophanic Andosols:
- Liming boosted mineralization of C and N irrespective of temperature which was enhanced by phosphate application
Phosphate application may expedite mineralization of N at lower temperatures

- 20 years of peanut monoculture decreased soil fertility

P addition alone did not affect soil pH and exchangeable Al contents of soils
Prior addition of CaCOj3 had little effect on P concentration in solution while CaSiOgs increased solution P

Biochar had impact only on yield and quality of harvest for soybean grain, but no impact for potatoes, winter wheat, sugar
beet

Highest P uptake by plants with poultry manure, proceeded by cattle manure, P-adjusted sawdust, and sewage sludge
P uptake by plants was five times greater with compost addition than without

Microbial biomass P was higher with rock phosphate supplementation added with poultry manure or cattle manure
Plant uptake of P from rock phosphate is boosted by compost amendment, especially poultry or cattle manure

Exchangeable K, Ca, and Mg were highest for compost and lowest for purely lysine treatment
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Table 1.3 Key findings of literature review on the effects of soil amendments on subarctic vegetation. Search strings “organic soil amendments
and “subarctic vegetation” were used on the Web of Science to find articles. Relevant articles mentioned the effects of soil amendments on
subarctic vegetation, and partially relevant articles mentioned effects of amendments on any type of vegetation.

S.
No. Publication Relevance Result Summary
1  Reid and Naeth Relevant - Papermill sludge and peat moss both increase water and nutrient holding capacity and overall structure of tailings
(2005a) - Auvailable calcium did not increase by calcium additions
2 Reid and Naeth Relevant Under field study,
(2005b) - Plant growth on kimberlite tailings improved over unamended tailing materials
- Peat moss increased water holding capacities
- Sewage sludge found effective in nutrient provision
- No increase in available calcium by calcium addition
3 Liu et al. (2020) Relevant - Addition of P alone increased pools of C and N in vascular cryptograms
- After 8-10 years of nutrient addition, subarctic tundra ecosystem achieved a steady state of resilience to further changes
6 years post-cessation of addition
4  Giesleretal. Partially - Biotic control linked to cold climate probably more important for P availability by sorption
(2012) relevant
5  Hagner et al. Relevant - Composted sewage sludge (CSS) enhanced plant growth
(2021) - Addition of biochar to till s0il-CSS mixture enabled grass succession and higher plant biomass
- Biochar application decreased accumulation of metals (such as Al, Cr, Fe) in plant tissues
6  Mannisto et al. Partially - Response of bacterial communities to increase in available N were similar in both N-poor and N-rich soils under heavy
(2016) relevant and light grazing
- N addition caused increase of abundance of Actinobacteria and decrease in respiration
7  Gorbachevaetal. Partially - Metal distributions increased in humic acids fractions reducing mobile amounts of Ni and Cu
(2009) relevant
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Table 1.4 Key findings of publications found on the portals of GréLind (n.d.), GRO LRT (n.d.), SCSI (n.d.-b) and Skemman (n.d.), focusing on
changes in Andosols and subarctic vegetation in Iceland due to the application of organic soil amendments. Relevant articles mentioned the
effects of organic soil amendments on Andosols and subarctic vegetation. Partially relevant articles discussed the effects of organic soil
amendments or any other amendment strategy on soils and vegetation in Iceland.

S.
No. Publication Relevance Result Summary
1  Teferi (2011) Partially - Natural regeneration is cost effective and efficient for restoration of land, but response might be delayed in severely

relevant degraded areas
- Using adaptive grasses and their fertilization for stabilizing moving sand and volcanic ash is crucial before restoring
native vegetation

2 Soumana (2013) Partially
relevant

Increase in soil nitrogen and carbon as soil pH decreased with restoration age

3 Asare (2019) Relevant - Bonemeal application caused an increase in SOM and soil’s water holding capacity as compared to no addition

4  Balikoowa (2014) Partially ‘Tea-leaved” willows
relevant - Increase total C, N, P in soil
- Corrects soil pH to benefit plants that thrive in low pH
- Increases foliar cover and improves stability to erosion of soil due to wind and water
- Economical substitute for fertilizer application to restore land

5  Battogtokh (2018) Partially - Purple beach pea increased total soil N and C in the top 5 cm layer of soil and also affected the growth rate of ryegrass
relevant - Purple beach pea beneficial for revegetation of eroded areas in Iceland

6  Mdolo (2016) Partially - Municipal waste generated in Iceland is enough to meet phosphorus requirement of restoration work
relevant - Potential reduction in the cost associated with compost production, transportation, and application which are higher than

that of inorganic fertilizer
- Need to understand interactions among waste, plant, metal, and soil along with mineralization of nutrients specific to
Iceland
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10

11

12

13

14

15

Nakanyala (2012)

Berihu (2021)

Mbewe (2015)

Tjilumbu (2012)

Poulsen (2011)

Gudmundsson et
al. (2014)

Jonsson and
Sigurdsson (2010)

Maéckel (2016)

Brenner (2016)

Partially
relevant

Relevant

Relevant

Partially

relevant

Partially
relevant

Partially
relevant

Partially
relevant

Partially
relevant

Relevant

Nootka lupine mobilizes phosphorus in Icelandic Andosols, thereby increasing plant-available P
Mobilizing phosphorus can be potential cost-effective method

Bulk density of soil decreased with increase in soil moisture after application of bio-slurry
Available P increased due to treatments with high level of inorganic P and/or bio-slurry

Application of both sunflower seed cake and inorganic fertilizer increased biomass of plant, chlorophyll present in maize
leaves, and height of plants

Application of sunflower seed cake had positive influence on stem diameter

Sunflower seed cake has potentially comparable maize production in comparison to inorganic fertilizer

Reclamation of eroded areas has potential to increase aboveground plant biomass, soil nitrogen, soil carbon, and
vegetation density over decades, i.e., over longer time period
Vegetation accumulates aeolian material and influences soil development

Phosphatase activity decreased at 1000ppm of fluoride concentration
High fluoride concentration is toxic for soil microbial communities
Acute fluoride pollutions (e.g., volcanic eruptions) might have negative effect on soil health and fertility

All surplus applied phosphorus was in top 10cm with maximum increase in top 5¢cm of soil with most of surplus
phosphorus being inorganically bound
Available phosphorus increased only in top 5¢cm of soil with increase in phosphorus application rate

In first treatment year:

Fertilization increased soil CO; efflux, while thinning intensity decreased it
Thinning did not change foliage nutrient content, while fertilization increased it

Sites with lower soil C/N ratio enhance nutrient binding ability due to greater state of decomposition

Histosols struggled to reverse anthropogenic vegetation destruction and enhanced erosion, while were resilient to
degradation by climate factor only

Need to critically interpret soil C/N ratios as a proxy for decomposition rates for soils with heterogenous history of
vegetation

Post five years of application,

Chemical fertilizer (with 150 kg/ha of N) increased vegetation cover (as moss cover) and vegetation height, and the
treated plots exhibited greater amounts of ammonium
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16

17

Hill (2023)

Askelsdottir
(2012)

Partially
relevant

Partially
relevant

No effects on soil parameters or vegetation cover due to organic fertilizer treatments (bonemeal, sewage sludge, chicken
manure)

Soil health improved or maintained 3 years after transition to regenerative agricultural practices
Energy Return on Investment increased by 23 % due to decrease in energy input cost from synthetic fertilizers

SOC stock increased with increased N-input at hayfields established at eroded soils, by increasing plant production and
soil organic matter
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1.6 Research gaps and challenges

The literature review on the efficacy of organic soil amendments in changing soil properties
of Andosols and subarctic vegetation highlights the potential of organic amendments, such
as sewage sludge, bone meal, poultry manure, compost from food waste, biochar, sunflower
cake seeds, and many more as a replacement for chemical or synthetic fertilizers (Asare,
2019; Berihu, 2021; Brenner, 2016; Hagner et al., 2021; Mbewe, 2015). Synthetic fertilizers
are not only costly to farmers due to high import prices and the ongoing Russian-Ukraine
conflict (Broom, 2023; World Bank Group, 2023), but they also hamper the restoration of
soil (Chaudhuri et al., 2023; Tripathi et al., 2020). For instance, Chaudhuri et al. (2023)
found that one of the factors exacerbating state-wise land degradation and desertification
hazards in India was increased and unregulated use of NPK-based fertilizers. Qiao et al.
(2018) observed increase in acidification of soils with tea plantations due to N-fertilization,
causing imbalance in soil nutrients and aggravating the level of aluminium toxicity which
may threaten tea quality and production. As per Tripathi et al. (2020), continued addition of
N-based synthetic fertilizers may cause reduction in the base cations (e.g. Ca and Mg)
present in soil and often causing aluminium toxicity. Tripathi et al. (2020) also emphasizes
that acidification of soil due to continuous N addition can affect the quality of soil organic
matter by interfering with the process of SOM decomposition and SOM mineralization. This
can be true for the relatively young and degraded soils of Iceland, especially those soils
which have low amount of SOM (Arnalds, 2015). Organic soil amendments seem to be
showing positive effects towards healing the soil for its long-term health (Hirzel et al., 2018;
Koga et al., 2017; Krause et al., 2016; Liu et al., 2020) and making it easier to reuse the
waste generated in the region as part of promoting circular economy. However, the limited
research on this topic, especially in Iceland, makes it difficult for optimising the application
amount of soil amendments that can heal the soil and help reduce human impacts on the
environment. This creates an opportunity for new research projects, such as investigating the
efficacy of locally available organic amendments (e.g., bonemeal, chicken manure,
municipal waste compost, sewage sludge, biochar) on Icelandic Andosols and vegetation for
varied time periods, as well as identifying organic amendments that can replace chemical
fertilizers to reduce the high cost of imported fertilizers. These research projects can be
beneficial to advise stakeholders and guide the policy around soil restoration through
scientific knowledge.
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2 Chapter 2 - Effects of soil
amendments on Icelandic soil
properties and vegetation growth

2.1 Introduction

Soil is essential for meeting various needs like food, energy, and ecosystem services such as
erosion control, production of biomass, freshwater availability, habitat (for microorganisms
to mammals), and climate regulation, among others (Pierzynski & Brajendra, 2017). Healthy
soil constitutes the Earth's largest terrestrial reservoir of carbon, and roughly 95% of the
world's food supply is cultivated in soil (FAO, 2017). However, humans have been over-
exploiting this non-renewable resource. Although soil is degraded through natural events
like volcanic eruptions, landslides and soil erosion, the damage done by humans is greater
(Richardson et al., 2023; Stockholm Resilience Centre, 2023) and, in some cases, irreversible
leading to desertification and stripping the soil of its ability to recover over time (Chaudhuri
et al., 2023; Mirzabaev et al., 2019; Olsson et al., 2019). Soil continues to degrade at steep
rates due to anthropogenic impacts, with 33% of the Earth's soils already degraded and over
90% at a risk of degradation by 2050 (European Commission Joint Research Centre, n.d.;
FAO, n.d.; FAO & ITPS, 2015c). The major drivers to global soil degradation include
deforestation, growing human population, pollution and waste disposal, rapid urban
expansion, unsustainable practices for soil management, and climate change (FAO & ITPS,
2015c¢). These not only lead to overexploitation of global soil resources to manage the rising
demand, but also cause uncertainty in future predictions of ecosystem services provided by
them. In addition, climate change impacts soils with unpredictable water availability due to
changes in temperature and precipitation patterns (Konapala et al., 2020; Padrén et al., 2020;
Zhou et al., 2022). Decomposition of soil organic carbon may also increase with changes in
soil moisture and temperature induced by warming, which can further intensify risks of
erosion and desertification (Montanarella et al., 2016).

At present, the major global threats to soil are “soil erosion”, “loss of soil organic carbon”,
and “nutrient imbalance” (Montanarella et al., 2016). Pierzynski and Brajendra (2017)
emphasize that the erosion of agricultural land is a significant problem to global soil
resources and the rates of soil erosion on arable or heavily grazed lands are about 100 to
1000 times greater than the natural background erosion rates. Furthermore, these erosion
rates significantly exceed the established rates of soil formation (FAO & ITPS, 2015a). Soil
erosion negatively affects global agriculture as well as leads to contamination of water
bodies with nutrients and sediments, diminishing water quality (Pierzynski & Brajendra,
2017; Shah et al., 2022). The erosion-induced nutrient losses can be compensated with the
use of synthetic fertilizers which are expensive, having an annual expenditure exceeding
US$30 million (FAO & ITPS, 2015a; Mosheim, 2019). These fertilizers may compensate
the nutrient loss of soil in the short-term, but do not solve this problem in the long run.
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Instead, long-term excessive use of chemical fertilizers has been associated with the
increased risk of soil acidification (Qiao et al., 2018) and land deterioration (Chaudhuri et
al., 2023). About 716 billion tonnes of soil organic carbon is stored in the top 30 cm of soil
and land use changes, such as conversion of forests into croplands and draining peatlands
for agriculture and commercial forestry, mismanagement of agricultural land and global
climate change are the primary drivers for the loss of soil organic carbon stock globally
(Pierzynski & Brajendra, 2017). Climate change alters temperature and precipitation
patterns, accelerating the decomposition of soil organic matter and emitting various
greenhouse gases such as carbon dioxide (CO2) and methane (CHs) (Field etal., 2007; Leiros
etal., 1999; Plante & Conant, 2014).

The increasing demand for food due to a rapidly growing world-population has also led to
extensive use of synthetic fertilizers in agriculture to boost production (Ritchie, 2017;
Stewart et al., 2005). Synthetic fertilizer substantially enhances both plant growth and the
uptake of nutrients, but over longer periods, they can cause imbalance in the soil functions
and processes by leaving an increasing proportion of the added nutrients behind in the soil
(Pahalvi et al., 2021). If these additional nutrients are not the limiting nutrients needed by
the plants, they can decrease plant growth by exacerbating the existing imbalance in the
system (Brady & Weil, 2014; Savci, 2012a, 2012b). The extensive use of synthetic fertilizers
causes accelerated soil degradation at the cost of high crop yields in the short-term (Kopittke
etal., 2019), hardens the soil, reduces soil fertility (Castillo et al., 2022; Pilbeam et al., 2005),
pollutes air, water, and soil (Ghaly & Ramakrishnan, 2015), and reduces important nutrients
of soil and minerals (Chen et al., 2010), thereby resulting in environmental hazards (Rashmi
et al., 2020; Savci, 2012a, 2012b).

Soil formation takes more than 100 years (Hall et al., 1982; Hurni, 1983; Kolbl et al., 2014)
while soil continues to degrade at steep rates due to anthropogenic impacts, with 33% of the
Earth's soils already degraded and over 90% of the Earth’s soils being at a risk of degradation
by 2050 (European Commission Joint Research Centre, n.d.; FAO, n.d.; FAO & ITPS,
2015c). To effectively address soil degradation, it is imperative to understand the threats,
functions, ecosystem services and processes, and provide long term solutions to improve soil
health and return its ability to regenerate (Joint Research Centre et al., 2009; Pereira &
Martinez-Murillo, 2018). Other related concerns that need tackling include food waste,
increasing number of landfills and their associated GHG emissions (Kaza et al., 2018;
Nicholls et al., 2021; United Nations Environment Programme, 2021), costs of synthetic
fertilizers (Alexander et al., 2023; Mosheim, 2019), soil associated imbalance in
biogeochemical cycles (Berhe et al., 2018; Quinton et al., 2010), food insecurity (The World
Bank, 2023), and finding substitute methods for soil restoration (Bradshaw, 1984; Chee et
al., 2017; Farrell et al., 2020; Teng & Chen, 2019).

In Iceland, land reclamation and restoration activities conducted by SCSI often include
reduced grazing, direct seeding, fertilization and/or seeding of areas after investigating status
of soil health and vegetation in order to improve Icelandic soils and revegetate barren areas
(Brenner, 2016; Crofts, 2011). Mt. Hekla afforestation project and Farmers grow the land
(Icelandic name: Baendur graeda landid) are two of the most ambitious reclamation projects in
Iceland (S.Nickayin et al., 2022). On one hand, Mt. Hekla afforestation project focused on
methods such as fertilizers and grasses to stabilise the volcanic surface layer of the soil and has
transformed large areas of desert landscapes to grassy fields and young birchwood forest
(Aradéttir et al., 2013; Hekluskogar, 2015; Oskarsson et al., n.d.), while on the other hand,
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Farmers grow the land project focuses on empowering and supporting landowners in cooperation
with SCSI to reclaim their lands, and increase the vegetation cover and resistance to soil erosion
(S.Nickayin et al., 2022; SCSI, n.d.-a).

In recent years, using soil organic amendments as a substitute for synthetic fertilizers is
gaining popularity for soil restoration (Diacono & Montemurro, 2011; Guerrero et al., 2001;
Hueso-Gonzaélez et al., 2018). They have a huge potential of replacing synthetic fertilizers
by reducing long term production costs and treating soil as an ecosystem rather than a daily
commodity. Organic amendments have the potential of reversing soil degradation by
building up soil organic matter, sequestrating atmospheric carbon in soils and increasing the
soil’s resilience to climate change (Chari & Taylor, 2022; Chen et al., 2010; Chowdhury et
al., 2021; Diacono & Montemurro, 2011). There have been several studies (Aparna et al.,
2014; Brenner, 2016; Hueso-Gonzélez et al., 2018; Zheng et al., 2023) on finding new
alternatives to synthetic fertilizers that are also safe for the environment. However, the
amount of research and development for organic soil amendments in subarctic Andosols is
comparatively less and new. This makes it a great opportunity to study the potential of
organic soil amendments as a replacement for synthetic fertilizers for restoring soils,
especially in a country like Iceland.

In this study, the main goal was to determine how various types of organic soil amendments,
sourced domestically, affected soil properties in Iceland, the vegetation growth, and litter
decomposition. With this broader goal in mind, the following research questions were
addressed:

1)  What are the effects of various soil amendments on soil properties?

2)  What are the effects of various soil amendments on vegetation growth? How do
they vary between years?

3) How do different types of soil amendments affect litter decomposition and
stabilisation?

The null hypotheses tested were:

1)  There is no significant difference in soil properties based on type of soil
amendments applied.

2) There is no significant difference in vegetation growth based on type of soil
amendments used or between years.

3)  There is no difference in litter decomposition and stabilisation based on types of
soil amendments.
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2.2 Methodology

2.2.1 Study site description
2.2.1.1 Study site

The study site was located in an eroded area at Geitasandur, Rangarping ytra municipality,
Iceland with GPS coordinates of 63° 49.903' N, 20° 10.952"' W, ca. 70 m above sea level
(Magnus H. Johannsson, personal communication, April 26, 2023). The chosen study site
was flat and seemingly uniform with regards to vegetation as shown in Figure 2.1. The soils
in the region are classified mainly as Andosols and Vitrisols (Arnalds, 2015). Data gathered
from the weather station in Hella, located near to Geitasandur, showed that the average
annual temperature for both 2021 and 2022 was 4.7°C, and the average summer temperature
was 11°C for 2021 and 10.6°C for 2022 (Icelandic Meteorological Office, personal
communication, June 07, 2023). Since the precipitation is not recorded at Hella weather
station, the precipitation data from the weather station in Samsstadir was used. Based on
these data, the average annual rainfall was 80 mm for 2021 and 99 mm for 2022, and the
average summer (June, July, August) rainfall was recorded as 68 mm for 2021 and 102 mm
for 2022 (Icelandic Meteorological Office, personal communication, June 07, 2023).
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Loftmyndir ehf

Pictures from: 2022

Figure 2.1 Study site in Geitasandur, Iceland. (a) Location of study site (63° 49.903" N, 20°
10.952' W, ca. 70m above sea level) at Geitasandur, Rangarping ytra municipality shown in
red on the map of Iceland (ArcGIS StoryMaps, 2023), (b) Zoomed-in aerial image of study
site (Loftmyndir ehf., 2022) and (c) On the ground photograph of the study site taken in May
2022 (Photo by Parnika Gupta, 2022).
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2.2.1.2 Experimental Design

The experimental study site at Geitasandur, Iceland has a total area of 130 m x 130 m which
Is sub-divided into four blocks, each 20 m x 5 m and spaced at an equal distance of 10 m
(Figure 2.2). This experimental study site is part of an ongoing land reclamation project
conducted by Soil Conservation Service of Iceland. For the scope of this thesis, each soil
amendment treatment was replicated four times while the control was replicated eight times,
equating to a total of 36 sampled plots (Figure 2.2). The organic soil amendments used for
this study were selected to have similar nitrogen content as that of the chemical fertilizer
treatment (50 kg N/ha) which is the preferred amount when using the latter in reclamation
projects (Magnus H. J6hannsson, personal communication, May 25, 2022 and December 07,
2023). However, practically, at least three times more N would be applied in the form of
organic amendments due to the slow release of nutrients from them compared to chemical
fertilizer (Magnus H. J6hannsson, personal communication, December 07, 2023).

BLOCK-1 BLOCK-2 BLOCK-3 BLOCK-4
1 10 m i0m 10 m _CHEM2 Ism!?
2
3 CON CON CON
4 MOLTA BOK1 BOK1
5 BOK2
6 BONE BONE CON
7 BOK1 BOK1
8 BONE CHICK
o BOK2
10 MOLTA
11 CHEM1 CHICK
12 CHEM2 CHEM1 130 m
13
14 BOK2 CON
15 CHEM2
16 MOLTA BOK2
17
i8 CHEM2 CON BONE
19 CHICK MOLTA
20
21
22 CHICK
23 CON
24 CHEM1
25 CHEM1
26 CON ,
20 m 20 m 20 m 20 m
130 m
|:| Sampled Plots (present study)
|:| Unsampled Plots

Figure 2.2 Experimental design of the study site. The site was 130 m x 130 m and 36 plots
out of 104 were sampled (shown in grey) for the study. The following types of soil
amendments were used: CON = Control (no amendment used), BOK1 = Bokashi compost
1, BOK2 = Bokashi compost 2, BONE = Bonemeal, CHEM1 = Chemical fertilizer 1,
CHEM2 = Chemical fertilizer 2, CHICK = Chicken manure, MOLTA = Molta compost. All
the plots (both sampled and unsampled) are part of an ongoing land reclamation project
conducted by Soil Conservation Service of Iceland.
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All treatments were applied during the period of 25-27 May 2021, except the bokashi
treatments which were not ready in May 2021. The bokashi treatments were applied instead
in September 2021 and May 2022 (Figure 2.3). To ensure uniform distribution of the soil
amendments, the amendments were weighed prior to application, and then evenly applied
by hand across the surface of each treatment plot. No raking or tilling was performed to

incorporate them into the soil. A description of the soil amendments chosen for this study is
in Table 2.1.

Figure 2.3 Bokashi treatment application in May 2022 (Photo by Julia Brenner, 2022).
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Table 2.1 Description of applied soil amendments based on data received from Magnus H. Johannsson (personal communication,
September 20, 2023) and Julia Brenner (personal communication, September 26, 2023). All treatments (bonemeal, chemical fertilizer 1,
chemical fertilizer 2, chicken manure, and Molta compost) were applied in May 2021 with the exception of bokashi compost 1 and bokashi
compost 2 which were applied in September 2021 and May 2022 respectively. Note: na - data not available.

Total Total nutrients applied through amendments
amendment
Type of Soil applied C N CIN P K S Source of
Amendments Description (kg/ha) (kg/ha)  (kg/ha) ratio  (kg/ha) (kg/ha) (kg/ha) amendments Type of waste used
CON Control - - - - - - - - -
(untreated)
BOK1 Bokashi 2000 199 155 15.0 na na na Melta ehf. Organic household waste
compost 1
BOK2 Bokashi 2000 199 155 15.0 na na na Melta ehf. Organic household waste
compost 2
BONE Bone meal 535 369 50 8.6 12.2 3.4 2.9 Orkugerdin ehf. Animal slaughterhouse
bone waste
CHEM1 Chemical 200 0 50 0 44 0 5.0 Skeljungur ehf. -
fertilizer 1
CHEM2 Chemical 400 0 100 0 8.8 0 10.0 Skeljungur ehf. -
fertilizer 2
CHICK Chicken manure 2793 1424 100 16.6 154 55.0 11.7 Slaturfélag Excretory waste from
Sudurlands svf. chicken
MOLTA Molta compost 7143 2838 100 331 40.7 17.9 10.7 Molta ehf. Waste from meat & fish

processors, slaughterhouses;
Organic household waste,
wood shavings, and paper
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2.2.2 Measurements
2.2.2.1 Tea-Bag Index Study (TBI)

The tea-bag index experiment was performed as per the method and calculations described
in Keuskamp et al. (2013). Each treatment plot used three pairs of teabags (each pair
consisting of one Lipton green tea and one Lipton rooibos tea). The location of each pair
inside the treatment plots was chosen randomly. In total, 108 pairs of teabags were used. The
teabags were buried at the study site on 25 May 2022 and then were recovered on 29 August
2022 (Figure 2.4). The relative mass loss of green tea was used as the basis for calculation
of decomposable fraction of green tea (ag) and the litter stabilisation factor, S was calculated
using equation:
ag

S:].—H—g []_]

where ag is decomposable fraction of green tea, and Hg is Hydrolysable fraction of green tea
(Keuskamp et al., 2013). Litter decomposition rate (k) was calculated using the equation:

loge (= =2)) 2]
t

k =

where W is the relative remaining mass of rooibos tea (g g%), t is incubation period (96 days
in this study), and ar is the decomposable fraction of rooibos tea (Keuskamp et al., 2013).
The value of ar is calculated using stabilisation factor, S as estimated in equation [1] and
hydrolysable fraction of rooibos tea, Hr (Keuskamp et al., 2013). The value of Hgq and H;
used are 0.842 g g and 0.552 g g respectively as given in Keuskamp et al. (2013).
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Figure 2.4 Teabag study. (a) Burying teabags, (b) Recovering teabags after 96 days, (c)
Removing adhered soil particles from teabags, (d) Oven drying teabags at 70°C for at least
48 hours, and (e) Recording oven-dried mass of teabags (Photos by Parnika Gupta, 2022).
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2.2.2.2 Soil sampling and analysis

Soil sample collection & preparation

Soil samples were collected on 24 May 2022 from the study site (Figure 2.1). A total of 36
soil samples were collected as shown in Figure 2.5 and stored at 4°C. Soil samples were
collected using a cylindrical soil probe. Each soil sample consisted of ten soil cores collected
at the depth of 10 cm from randomly chosen locations inside each treatment plot and was
then stored in a separate and pre-labelled plastic bag. Each soil sample weighed 1 kg
approximately.

Figure 2.5 (a)-(b) Soil sample collection from the study site at Geitasandur. (Photos by
Magnus H. Johannsson, 2022).

All the soil samples were air dried at room temperature and were passed through a 2 mm
sieve to separate any fine roots or gravel (>2mm). The sieved samples (<2mm) were then
divided quantitatively into four parts using a riffle sample splitter. Each part was
approximately one-fourth of the original sieved soil sample. Out of these four, one part was
stored as uncrushed subsample, and another was stored after crushing using a soil grinder
(Cross Beater Mill SK 300, Retsch GmbH, Germany, mesh size 1mm), and the remaining
two parts were stored as reserves. Both uncrushed (<2mm) and crushed (<1mm) subsamples
were stored in a 50ml polypropylene tube and an air-tight zip-lock bags and labelled (Figure
2.6). Each apparatus used was cleaned between each soil sample to avoid contamination.
The crushed subsample (size <1mm) was used for measuring soil organic matter, soil carbon,
and soil nitrogen, while the uncrushed subsample (size <2mm) was used for measuring soil
pH(water) and soil available carbon.
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Fine roots & gravels |
(>2mm)

3 1 Coarse roots & gravels
* (>2mm)

Sieved Soil
(<2mm)

TN\

Uncrushed soil
subsample, < 2mm;
used for measuring soil Grushedlsoil

pH(water) & POxC subsample, < Imm;

used for measuring
SOM, SC & SN Sieved soil sample
used for subsampling.

Figure 2.6 Soil sample preparation. (a) Soil sieving, (b) Soil subsampling setup, and (c) Soil
subsamples: crushed (<1mm), & uncrushed (<2mm) (Photos by Parnika Gupta, 2022).

Soil organic matter content

Soil organic matter was measured using the loss on ignition method (Allen et al., 1986)
involving dry combustion of soil at 550°C as shown in Figure 2.7. An aliquot (4-7g) was
taken from each soil subsample (air dried and crushed, <lmm soil) and weighed into
crucibles. These crucibles were weighed at room temperature, oven dried at 105°C for at
least 24 hours and re-weighed at 105°C. Then, they were placed in a muffle furnace (Thermo
Fisher Scientific ™ Thermolyne™ Benchtop Muffle Furnace, USA, Model no. F48020-33-
80) for dry combustion by ignition at 550°C for 5 hours. After cooling and oven-drying at
105°C, weights of these crucibles were recorded. Each soil sample was analysed in triplicate.

Soil organic matter percentage (SOM%) was calculated from loss on ignition (LOI%)
equation:

soil (pre—ignition) — Wsoil (post—ignition)

W,
SOM % = LOI% = x 100 [3]
Wsoil (pre—ignition)

where Wil (pre-ignition) 1S the weight of soil before ignition, Wsoil (post-ignition) 1S the weight of
soil after ignition.
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Figure 2.7 Soil organic matter measurement setup. (a) Recording oven-dried weights of pre-
ignition and post-ignition soil aliquots, and (b)-(c) Muffle furnace used for ignition at 550°C.
(Photos by Parnika Gupta, 2022)
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Soil pH

Soil pH was measured as described in Blakemore et al. (1987) and the setup is shown in
Figure 2.8. The soil to water ratio (mass by volume) used was 1:2.5. Each soil sample was
analysed in duplicate. An aliquot (10g + 0.05) was taken from each soil sample (air dried
and < 2mm soil) and mixed with 25ml of de-ionized water. This mixture was then stirred
vigorously for 15 minutes using a vibrational shaker and left to stand overnight. The soil
pH(water) was measured using pH meter (OAKTON® pH/CON 510 benchtop meter, USA).
The re-calibration of pH meter was performed between every 12 replicates.

Figure 2.8 Soil pH(water) measurement setup (Photo by Parnika Gupta, 2022).

Soil carbon, nitrogen, and carbon to nitrogen ratio

Soil carbon and nitrogen percentages were measured using element analysis according to the
Dumas combustion method (VarioMAX C/N instrument, Elementar Analysensysteme
GmbH, Germany). Chemical analysis was performed by the Soil Conservation Service of
Iceland on an aliquot (3.5g + 0.3) taken from each soil sample (air dried, crushed, < 2mm).
The soil carbon and soil nitrogen were corrected for dry matter fraction. Soil carbon to
nitrogen ratio (Soil C/N ratio) was calculated using equation:

SC% N 14.0067 g/mole
SN % 12.011 g/mole

Soil C/N ratio = [4]

where SC % is soil carbon percentage, SN % is soil nitrogen percentage, 14.0067 g mole™
is the molecular mass of nitrogen, and 12.011 g mole™ is the molecular mass of carbon.
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Soil available carbon

Soil available carbon was measured by analysing permanganate-oxidizable carbon (POXC)
using method described in Culman (2017), Hurisso et al. (2016), and Weil et al. (2003) on
selected samples. Block-3 samples (Figure 2.2) were analysed. Each soil sample was
analysed in duplicate.

An aliquot (2.5g + 0.05) taken from a soil subsample (air dried, uncrushed, <2mm) was
mixed with 2ml of 0.2M KMnO4 and 18ml of deionized water in a 50ml polypropylene
centrifuge tube. The tube was immediately shaken for exactly two minutes at 200 rpm using
a shaker (New Brunswick Innova® 2000 Platform Shaker, USA), and allowed to stand in a
rack for 10 minutes for the soil to settle. Icelandic soils have very fine particles which may
not settle upon centrifugation. Therefore, two drops of Superfloc® was added to each tube,
then the tubes were placed into a centrifuge at 4000 rpm for nine minutes (Thermo
Scientific™ Sorvall™ ST 16R Centrifuge, Germany). Then, 0.5 ml of the supernatant was
placed in a 50 ml volumetric flask and made up to volume by adding with 49.5 ml of
deionized water. A quartz cuvette (path length,10mm) was filled with ca. 3ml of this diluted
solution and placed in the spectrophotometer (Thermo Scientific™ GENESYS™ 10S UV-
Visible Spectrophotometer, Germany) to record absorbance at 550 nm. The soil available
carbon (POXC, mg kg soil) was calculated using equation:

POXC = [0.02mol L™ — (a + b X Abs)] X (9000 mg C mol™1)

0.02 L [5]

X ( W X 1000)

where 0.02 mol L7 is the initial concentration of the KMnQOj4 solution, a is the intercept of
the standard calibration curve, b is the slope of the standard calibration curve, Abs is the
recorded absorbance value, 9000 mg C mol™ is the amount of carbon oxidised by 1 mole of
MnO4 during reduction of Mn™* to Mn**, 0.02 L is the volume of KMnQO4 solution, and W is
the weight (g) of soil used. The equation of the standard calibration curve obtained was
y = 0.0436x - 0.0001. All negative concentrations for POXC were rounded to zero.
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2.2.2.3 Vegetation measurements

Vegetation data was collected by the Soil Conservation Service of Iceland from August to
mid-October both in 2021 and 2022. Five 50cm x 50cm quadrats were placed randomly in
each treatment plot (Figure 2.9) to determine total vegetation cover and vegetation height of
tallest plant species. Specific plant taxa cover were recorded using a modified Braun-
Blanquet scale (Braun-Blanquet et al., 1932) as shown in Table 2.2.

Table 2.2 Modified Braun-Blanquet cover scale based on (Braun-Blanquet et al., 1932) and
recorded vegetation parameters.

Braun-Blanquet cover scale

(modified) Vegetation parameters
0 : Absent Total vegetation cover
+:<<1% Total unvegetated cover
1:<1% Mosses cover

2:1-5% Lichens cover
3:6-10% Grasses cover
4:11-15% Flowering dicots cover
5:16-25%

6 : 26-50%

7:51-75%

8:76-100%

Figure 2.9 Vegetation data sampling from the study site at Geitasandur. A 20m long
sampling plot with a 50 cm x 50 cm quadrat placed inside it are shown to indicate difference
in dimensions. (Photo by Parnika Gupta, 2022)
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2.2.3 Statistical Analysis

The data were analysed using IBM® SPSS® Statistics Version 27, USA. For 2021, vegetation
survey data related to five types of soil amendments were collected after one growing season
and classified into five categories: CON (Control, n = 8), BONE (Bonemeal, n =4), CHEM1
(Chemical fertilizer 1, n = 4), CHEM2 (Chemical fertilizer 2, n = 4), and CHICK (Chicken
manure, n = 4). For year 2022, soil properties, vegetation parameters and teabag index data
related to eight types of soil amendments were collected after two growing seasons (except
for BOK1 and BOK2 where the vegetation growth parameters in 2022 were measured after
one growing season due to their late application) and classified into eight categories: CON
(Control, n = 8), BONE (Bonemeal, n = 4), CHEM1 (Chemical fertilizer 1, n = 4), CHEM2
(Chemical fertilizer 2, n = 4), BOK1 (Bokashi 1, n = 4), BOK2 (Bokashi 2, n = 4), CHICK
(Chicken manure, n = 4), and MOLTA (Molta compost, n = 4). Growing season here refers
to months of June, July, August (i.e., after application of soil amendments in May 2021 for
BONE, CHEM1, CHEM2, CHICK, MOLTA) due to the recorded precipitation and
temperatures in Iceland during these months.

Litter decomposition and stabilisation

A one-way ANOVA, followed by a post-hoc Tukey’s test (Tukey’s HSD o = 0.05) along
with Bonferroni correction were conducted to determine if any of the eight soil amendments
(CON, BOK1, BOK2, BONE, CHEM1, CHEM2, CHICK, MOLTA) had any significant
effect on litter decomposition rate. To determine if there was any significant difference
between litter stabilisation factor based on type of soil amendments, a Kruskal-Wallis H test
was performed, followed by a post-hoc test (medians/distribution) for pairwise comparisons
using Dunn’s procedure with Bonferroni adjustment.

Soil properties

Variables such as soil organic matter and soil carbon-to-nitrogen ratio, were transformed
using square-root and reciprocal transformations respectively to improve normality. To
determine which soil amendments had significant effects on soil properties for 2022, one-
way ANOVAs, followed by a post-hoc Tukey’s test (Tukey’s HSD a = 0.05) along with
Bonferroni correction were conducted. A Welch-ANOVA, followed by Games-Howell post
hoc test, was used for variables that had a heterogeneity of variance, such as soil organic
matter and soil carbon. When the variables were not normally distributed or had outliers,
such as soil pH(water), a Kruskal-Wallis H test was performed, followed by a post-hoc test
(medians/distribution) for pairwise comparisons using Dunn’s procedure with Bonferroni
adjustment. The soil available carbon (POXC) was not statistically analysed as it was only
calculated using one block as an estimation.

Vegetation growth parameters for 2021

Variables, such as flowering dicots cover and vegetation height, were transformed using
square-root and log10 transformations respectively to improve normality. To determine if
the five soil amendments (CON, BONE, CHEM1, CHEM2, CHICK) had any significant
effect on vegetation growth parameters for 2021, one-way ANOVAs, followed by a post-
hoc Tukey’s test (Tukey’s HSD a = 0.05) along with Bonferroni correction were conducted.
A Welch-ANOVA, followed by Games-Howell post hoc test, was used for variables that
had a heterogeneity of variance, such as vegetation height. When the variables were not
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normally distributed or had outliers, such as vegetation cover, moss cover, lichen cover, and
grass cover, a Kruskal-Wallis H test was performed, followed by a post-hoc test
(medians/distribution) for pairwise comparisons using Dunn’s procedure with Bonferroni
adjustment.

Vegetation growth parameters for 2022

Variables such as vegetation cover and flowering dicots cover were transformed using
square-root transformations to improve normality. To determine if eight soil amendments
(CON, BOK1, BOK2, BONE, CHEM1, CHEMZ2, CHICK, MOLTA) had any significant
effect on vegetation growth parameters for 2022, one-way ANOVAs, followed by a post-
hoc Tukey’s test (Tukey’s HSD o = 0.05) along with Bonferroni correction were conducted.
When the variables were not normally distributed or had outliers, such as moss cover, lichen
cover, grass cover, and vegetation height, a Kruskal-Wallis H test was performed, followed
by a post-hoc test (medians/distribution) for pairwise comparisons using Dunn’s procedure
with Bonferroni adjustment.

Vegetation growth parameters for 2021 vs 2022

The vegetation survey data did not follow the assumptions of parametric data analysis.
Hence, related-samples Wilcoxon signed rank test was used to determine if a vegetation
growth parameter varied significantly between 2021 and 2022. Furthermore, to determine if
there were any significant differences between the vegetation growth parameters, the years
(2021, 2022), and five soil amendments (CON, BONE, CHEM1, CHEMZ2, CHICK), a
related-samples Friedman's two-way ANOVA by ranks, followed by a post-hoc test of
pairwise comparisons with Bonferroni adjustment was conducted.

Correlations between parameters

To test for significant relationships between soil and vegetation parameters for 2022, a
Spearman rank test was performed, using a p-value <0.01 to determine significant
correlations.

52



2.3 Results

2.3.1 Litter decomposition and stabilisation

The litter decomposition rate was highest for soils treated with CHICK and lowest for those
with CHEMZ2 (Table 2.3). The observed litter decomposition pattern was as followed:
CHICK > BOK1 > CHEM1 > BONE > MOLTA > CON > BOK2 > CHEM2 (Figure 2.10).
However, the differences between these soil amendment groups were not statistically
significant (F(7, 28) = 1.212, p = 0.329).

The litter stabilisation factor was highest for soils treated with CHICK and lowest for those
with BOK2 (Table 2.3). The observed litter stabilisation sequence was the following:
CHICK > BONE > CHEM2 > MOLTA > CHEM1 > BOK1 > CON > BOK2 (Figure 2.10).
These differences between the soil amendment groups were statistically significant
(x3(7) = 19.841, p = 0.006). The litter stabilisation factor of soils treated with CHICK was
significantly higher than those in the CON (p = 0.033) and BOK2 (p = 0.020).

Table 2.3 Litter decomposition and stabilisation. Both litter decomposition rate and
stabilisation factor were measured using a tea-bag index study performed in 2022. Teabags
were buried at the depth of 8 cm and incubated for 96 days. Data are presented as means
(standard deviation) for eight types of soil amendments: CON = Control, BOK1 = Bokashi
1, BOK2 = Bokashi 2, BONE = Bone meal, CHEM1 = Chemical fertilizer 1, CHEM2 =
Chemical fertilizer 2, CHICK = Chicken manure, and MOLTA = Molta compost. Note that
the litter stabilisation factor of soils treated with CHICK was significantly higher than those
in the CON (p = 0.033) and BOK2 (p = 0.020).

Litter Decomposition Rate (k) Litter Stabilisation Factor (S)
Amendments (9 g-1 per day) (unitless)

CON 0.0078 (0.0018) 0.40 (0.02)
(n=8)

BOK1 0.0094 (0.0021) 0.40 (0.03)
(n=4)

BOK?2 0.0075 (0.0005) 0.39 (0.02)
(n=4)

BONE 0.0083 (0.0007) 0.44 (0.01)
(n=4)

CHEM1 0.0087 (0.0018) 0.41 (0.02)
(n=4)

CHEM2 0.0072 (0.0016) 0.42 (0.01)
(n=4)

CHICK 0.0097 (0.0007) 0.45 (0.01)
(n=4)

MOLTA 0.0079 (0.0023) 0.41 (0.01)
(n=4)
Total 0.0082 (0.0017) 0.41 (0.03)
(n=36)
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Figure 2.10 (a) Litter decomposition rate (k) and (b) Stabilization factor (S) from tea-bag
study experiment expressed as mean + standard deviation for eight soil amendments: CON
= Control, BOK1 = Bokashi 1, BOK2 = Bokashi 2, BONE = Bone meal, CHEM1 =
Chemical fertilizer 1, CHEM2 = Chemical fertilizer 2, CHICK = Chicken manure, and
MOLTA = Molta compost. Note that the litter stabilisation factor of soils treated with
CHICK was significantly higher than those in the CON (p = 0.033) and BOK2 (p = 0.020).
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2.3.2 Soil properties

Soil organic matter for all soil samples was 1.97 + 0.29 % (Mean + Standard deviation). The
SOM was highest in soils treated with CHICK and BOK1, and lowest in the CON (Table
2.4). The observed SOM sequence exhibited the following pattern: BOK1, CHICK > BONE,
CHEM1 > MOLTA > CHEM2 > BOK2 > CON (Appendix A, Figure A.1a). However, these
differences among the soil amendment groups were not statistically significant (Welch’s
F(7,10.875) = 0.805, p = 0.601).

Soil carbon for all soil samples was 0.251 + 0.023 %, being highest in soils treated with
CHEMZ2 and lowest in the CON (Table 2.4). The observed soil carbon pattern was as follows:
CHEM2 > CHICK > CHEM1 > MOLTA > BOK1 > BOK2 > BONE > CON (Appendix A,
Figure A.1c). Soil carbon did not vary significantly between the soil amendment groups
(Welch’s F (7, 10.514) = 1.733, p = 0.203).

Soil nitrogen for all soil samples was 0.028 + 0.002 %. The highest soil nitrogen was in soils
treated with CHEM1 and lowest in those with BONE (Table 2.4). Soil nitrogen showed the
following pattern: CHEM > CHEM2 > BOK2 > CHICK, BOK1 > MOLTA > CON > BONE
(Appendix A, Figure A.1d). Soil nitrogen, however, was not significantly different between
the soil amendment groups (F(7, 28) = 1.250, p = 0.310).

Soil carbon to nitrogen ratio for all soil samples was 10.59 + 0.58. It was highest for soil
treated with CHEM2 and lowest for those with BOK2 (Table 2.4), showing the following
pattern:. CHEM2 > CHICK > MOLTA > CON > BONE > CHEM1 > BOK1 > BOK2
(Appendix A, Figure A.1b). The differences between these soil amendment groups were not
statistically significant (F(7, 28) = 0.881, p = 0.534).

Soil pH(water) for all soil samples was near neutral pH at 6.82 + 0.06. The highest soil pH
was for soils treated with BONE and lowest for those with CHEM2 (Table 2.4), following
this pattern: BONE > CON > BOK2, BOK1 > MOLTA > CHEM1 > CHICK > CHEM2
(Figure 2.11). The differences in soil pH between these soil amendment groups were
statistically significant (y*(7) = 16.420, p = 0.022). Soil pH(water) for soils treated with
BONE was significantly higher than those treated with CHEM2 (p = 0.027).

Overall soil available carbon for soil samples from block-3 was 63.49 mg of POXC per kg
of soil, with the highest values in soils treated with BOK1 and lowest in those from the CON.
The following pattern was seen regarding overall soil available carbon and the amendments:
BOK1 > BONE > BOK2 > CHEM1 > CHICK > CHEM2 > MOLTA > CON (Table 2.5).
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Table 2.4 Soil properties of soil samples collected from Geitasandur in May 2022. Samples were collected for eight types of soil amendments
(CON = Control, BOK1 = Bokashi 1, BOK2 = Bokashi 2, BONE = Bonemeal, CHEM1 = Chemical fertilizer 1, CHEM2 = Chemical fertilizer 2,
CHICK = Chicken manure, MOLTA = Molta compost). The data are presented as means (standard deviations). Note that Soil pH(water) for
BONE plots was significantly higher than those treated with CHEM2 (p = 0.027).

Amendments SOM % Soil C % Soil N % Soil C/N ratio Soil pH(water)
CON 1.83(0.24) 0.241 (0.012) 0.026 (0.001) 10.61 (0.59) 6.85 (0.05)
(n=8)

BOK1 2.09 (0.45) 0.253(0.013) 0.028 (0.002) 10.48 (0.47) 6.84 (0.02)
(n=4)
BOK?2 1.88 (0.40) 0.245 (0.019) 0.028 (0.002) 10.06 (0.59) 6.84 (0.04)
(n=4)

BONE 2.04 (0.31) 0.236 (0.016) 0.026 (0.001) 10.54 (0.37) 6.88 (0.04)
(n=4)

CHEM1 2.04 (0.49) 0.263 (0.042) 0.029 (0.003) 10.52 (0.54) 6.81(0.12)
(n=4)

CHEM?2 1.94 (0.10) 0.268 (0.016) 0.029 (0.001) 10.93 (0.76) 6.76 (0.04)
(n=4)

CHICK 2.09 (0.13) 0.263 (0.016) 0.028 (0.002) 10.89 (0.38) 6.77 (0.05)
(n=4)

MOLTA 1.99 (0.14) 0.254 (0.034) 0.028 (0.003) 10.69 (0.81) 6.82 (0.01)
(n=4)
Total 1.97 (0.29) 0.251 (0.023) 0.028 (0.002) 10.59 (0.58) 6.82 (0.06)
(n=36)
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Table 2.5 Soil available carbon (POXC). Nine soil samples from the study site’s block-3
were collected in May 2022 for eight types of soil amendments (CON = Control, BOK1 =
Bokashi 1, BOK2 = Bokashi 2, BONE = Bonemeal, CHEM1 = Chemical fertilizer 1,
CHEM2 = Chemical fertilizer 2, CHICK = Chicken manure, MOLTA = Molta compost).
Data shown are only estimates, and no statistical analyses were performed due to small

sample sizes.

Amendments POXC (mg/kg of soil)
CON 14.27
(n=2)

BOK1 123.58
(n=1)

BOK2 80.78
(n=1)

BONE 102.46
(n=1)

CHEM1 71.75
(n=1)

CHEM2 44,59
(n=1)

CHICK 51.89
(n=1)

MOLTA 18.57
(n=1)
Total 63.49
(n=9)
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Figure 2.11 Soil pH(water) presented as means + standard deviations for the following soil
amendments: CON = Control, BOK1 = Bokashi 1, BOK2 = Bokashi 2, BONE = Bonemeal,
CHEM1 = Chemical fertilizer 1, CHEM2 = Chemical fertilizer 2, CHICK = Chicken
manure, and MOLTA = Molta compost. Note that Soil pH(water) for soils treated with
BONE was significantly higher than those treated with CHEM2 (p = 0.027).
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2.3.3 Vegetation Growth Parameters
2.3.3.1 Vegetation survey data from 2021

Vegetation cover for all sampled plots in 2021 was 13.1 + 7.1% (Mean + Standard deviation),
with the highest cover observed in plots treated with CHEM2 and the lowest in the CON
(Table 2.6). The observed sequence was: CHEM2 > CHEM1 > CHICK > BONE > CON
(Appendix B, Figure B.1a). Although a significant difference was found in the vegetation
cover among the soil amendments (y*(4) = 10.628, p = 0.031), comparisons between
individual amendments were not significant (p > 0.05).

Vegetation height was 3.43 £ 1.45 cm for all sampled plots in 2021. It was highest in plots
treated with CHEM2 and lowest in the CON (Table 2.6), showing this pattern: CHEM2 >
CHEM1 > CHICK > BONE > CON (Figure 2.12a). The vegetation height was significantly
different among the soil amendments (Welch’s F(4, 8.369) = 9.388, p = 0.004), where CON
plots had significantly shorter vegetation than those with CHEML1 (p = 0.041), CHEM2 (p =
0.001), and CHICK (p = 0.024).

Vegetation taxa: Mosses, lichens, grasses, and flowering dicots.

Moss cover for all sampled plots was 0.3 £ 0.2%, but it was not significantly different
between any of the soil amendments (¥%(4) = 0.698, p = 0.952). Likewise, lichen cover was
0.4 + 0.3% and there was no significant difference among the soil amendments (y*(4) =
1.532, p = 0.821) (Table 2.6 and Appendix B, Figure B.1c & Figure B.1d).

Grass cover was 4.9 + 3.3%, being highest in plots with CHEM2 and lowest in the CON
(Table 2.6), showing this ordered sequence: CHEM2 > CHICK > CHEML1 > BONE > CON
(Figure 2.12b). Grass cover was significantly different between the soil amendments
(x3(4) = 17.720, p = 0.001), with CON plots having significantly less grass cover than those
with CHEM2 (p = 0.001).

Lastly, flowering dicots cover in 2021 for all sampled plots was 8.6 + 5.4% , with the highest
cover in plots treated with CHEM1 and lowest for the CON (Table 2.6), showing the ordered
sequence as: CHEM1 > CHICK > CHEM2 > BONE > CON (Appendix B, Figure B.1b). The
differences in the flowering dicots cover among the soil amendments were not statistically
significant (F(4,19) = 1.839, p = 0.163).
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Table 2.6 Vegetation parameters for soil amendments in 2021. Five types of soil amendments were used (CON = Control, BONE = Bonemeal,
CHEM1 = Chemical fertilizer 1, CHEM2 = Chemical fertilizer 2, CHICK = Chicken manure). Both means and standard deviations (shown in
parentheses) are included. Note that vegetation height (cm) in CON plots was significantly lower than those with CHEM1 (p = 0.041),
CHEM2 (p = 0.001), and CHICK (p = 0.024). Also, CON plots had significantly less grass cover than CHEM2 plots (p = 0.001).

Vegetation Cover Vegetation Height Flowering Dicots
Amendments (%) (cm) Moss Cover (%) Lichen Cover (%) Grass Cover (%) Cover (%)
CON 6.9 (4.8) 2.19 (0.83) 0.3(0.3) 0.3(0.2) 1.9(1.1) 5.0 (2.7)
(n=8)
BONE 13.8 (4.4) 2.84 (1.54) 0.3(0.2) 0.6 (0.5) 4.0 (1.9) 9.5(5.1)
(n=4)
CHEM1 16.8 (5.7) 3.99 (0.89) 0.3(0.2) 0.3(0.3) 55(1.9) 11.7 (6.7)
(n=4)
CHEM?2 18.3(7.2) 5.42 (0.61) 0.4 (0.3) 0.4 (0.3) 10.3(1.9) 10.3 (6.4)
(n=4)
CHICK 16.3 (7.8) 3.95 (0.67) 0.3(0.2) 0.4 (0.5) 5.7 (2.0) 10.5 (6.3)
(n=4)
Total 13.1(7.1) 3.43 (1.45) 0.3(0.2) 0.4 (0.3) 4.9 (3.3) 8.6 (5.4)
(n=24)
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Figure 2.12 Vegetation survey data (mean * standard deviation) for soil amendments in
2021. Five types of soil amendments were used: CON = Control, BONE = Bonemeal,
CHEM1 = Chemical fertilizer 1, CHEM2 = Chemical fertilizer 2, CHICK = Chicken
manure. (a) Vegetation height (cm), where CON plots had significantly shorter vegetation
than those with CHEML1 (p = 0.041), CHEM2(p = 0.001), and CHICK (p = 0.024). (b) Grass
cover %, where CON plots had significantly less grass cover than CHEMZ2 plots (p = 0.001).
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2.3.3.2 Vegetation survey data from 2022

Vegetation cover for all sampled plots in 2022 was 12.6 + 7.1% (Mean + Standard deviation)
as shown in Table 2.7. The vegetation cover was highest in soils treated with CHEM2 and
lowest in the CON. The observed vegetation cover sequence was as follows: CHEM2 >
CHICK > BONE > CHEM1 > MOLTA > BOK1 > BOK2 > CON (Figure 2.13a), and there
were significant differences in vegetation cover among the soil amendments
(F(7,28) =9.185, p < 0.001, »? = 0.608). Specifically, the vegetation cover for CON was
significantly lower from that of BONE (p = 0.003) and CHICK (p < 0.001), while the
vegetation cover for plots treated with CHEM2 was significantly higher from those in the
CON (p <0.001), BOK1 (p =0.01), BOK2 (p =0.002), and MOLTA (p = 0.02).

Vegetation height for all sampled plots was 6.82 + 6.39 cm (Table 2.7), with the tallest
vegetation in plots treated with CHEM2 and shortest vegetation in those treated with BOK2.
The following height pattern was observed: CHEM2 > CHICK > CHEM1 > BONE >
MOLTA > BOK1 > CON > BOK2 (Figure 2.13b). Significant differences in vegetation
heights were found among the soil amendment groups (¥*(7) = 24.670, p < 0.001).
Vegetation height for CON plots was significantly lower than those with CHEM2 (p = 0.02)
and CHICK (p = 0.015).

Vegetation taxa: Mosses, lichens, grasses, and flowering dicots.

Moss cover for all sampled plots in 2022 was 0.2 + 0.2% (Table 2.7), and no significant
differences were found among the soil amendments (x*(7) = 4.225, p = 0.754) (Appendix C,
Figure C.1a). Similarly, lichen cover for all sampled plots was 0.2 = 0.2% (Table 2.7), with
no significant differences detected among soil amendments (¥*(7) = 1.226, p = 0.990)
(Appendix C, Figure C.1b).

Grass cover for all sampled plots was 4.5 + 2.9% (Table 2.7), with the highest cover in plots
treated with CHEM2 and lowest in the CON. The observed pattern for grass cover was:
CHEM2 > CHICK > CHEM1 > MOLTA > BONE > BOK1 >BOK2 > CON (Figure 2.13c).
Grass cover varied significantly among the soil amendments (*(7) = 24.137, p = 0.001).
CON plots had significantly lower grass cover than plots treated with CHEM2 (p < 0.001)
and CHICK (p = 0.033).

Flowering dicots cover for all sampled plots was 8.4 + 5.7%, with highest cover in plots
treated with CHEMZ2 and lowest in those with BOK1 (Table 2.7). The pattern observed was:
CHEM2 > CHICK > BONE > CHEM1 > MOLTA > CON > BOK2 > BOK1 (Appendix C,
Figure C.1c). Although a significant difference was found in the flowering dicot cover
among the soil amendments (F(7,28) = 3.208, p = 0.013, »? = 0.300), comparisons between
individual amendments were not significant (p > 0.05).
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Table 2.7 Vegetation parameters for soil amendments in 2022. The amendments were CON = Control, BOK1 = Bokashi 1, BOK2 = Bokashi 2,
BONE = Bonemeal, CHEM1 = Chemical fertilizer 1, CHEM2 = Chemical fertilizer 2, CHICK = Chicken manure, and MOLTA = Molta
compost. Means and Standard deviations (shown in parentheses) are presented. Note: CON plots had significantly less vegetation cover than
BONE (p = 0.003) and CHICK (p < 0.001); and CHEMZ2 had significantly more vegetation cover than CON (p < 0.001), BOK1 (p = 0.01),
BOK2 (p = 0.002), and MOLTA (p = 0.02). CON plots had significantly shorter vegetation than those with CHEM2 (p = 0.02) and CHICK (p
= 0.015). Also, CON plots had significantly less grass cover than those with CHEM2 (p < 0.001) and CHICK plots (p = 0.033).

Vegetation Cover

Vegetation Height

Flowering Dicots

Amendments (%) (cm) Moss Cover (%) Lichen Cover (%) Grass Cover (%) Cover (%)
(cogl) 5.9 (3.6) 2.42 (2.31) 0.2 (0.2) 0.2 (0.1) 1.9 (1.1) 5.3 (4. 8)
n=
I?Okz)l 9.8 (2.8) 3.06 (1.20) 0.2 (0.1) 0.2 (0.2) 3.9 (2.0) 5.0 (1.7)
n=
E(%O}Z)2 8.4 (3.7) 1.79 (0.51) 0.2(0.2) 0.2(0.1) 3.1(1.0) 5.1 (2.8)
n=
E(’>ON4)E 16.5 (2.6) 6.11 (1.95) 0.2 (0.2) 0.3 (0.3) 4.1(2.1) 11.3 (3.2)
n=
C(HELI:/)Il 135 (5.1) 8.94 (5.73) 0.1(0.1) 0.2 (0.2) 4.5 (1.5) 8.7 (4.9)
n=
C(HEZ/)IZ 24.3 (8.6) 16.19 (7.57) 0.2(0.2) 0.3 (0.4) 10.8 (2.6) 15.2 (9.4)
n=
C(HISl:)K 18.8 (4.7) 15.41 (5.26) 0.1(0.1) 0.2 (0.2) 6.0 (1.4) 13.0 (5.2)
n=
M(0L4T)A 10.3 (1.2) 5.06 (3.30) 0.3(0.2) 0.2 (0.1) 4.4 (0.9) 7.0 (1.1)
n=
(To;ag) 12.6 (7.1) 6.82 (6.39) 0.2 (0.2) 0.2 (0.2) 4.5 (2.9) 8.4 (5.7)
n=
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Figure 2.13 Vegetation survey data (means + standard deviations) for soil amendments in
2022. The eight types of soil amendments were: CON = Control, BOK1 = Bokashi 1, BOK2
= Bokashi 2, BONE = Bonemeal, CHEM1 = Chemical fertilizer 1, CHEM2 = Chemical
fertilizer 2, CHICK = Chicken manure, MOLTA = Molta compost. (a) Vegetation cover %,
where CON plots had significantly less vegetation cover than those with BONE (p = 0.003)
and CHICK (p < 0.001); and CHEM2 had significantly higher vegetation cover than CON
(p < 0.001), BOK1 (p = 0.01), BOK2 (p = 0.002), and MOLTA (p = 0.02). (b) Vegetation
height (cm), where CON plots had significantly shorter vegetation than those with CHEM2
(p = 0.02) and CHICK (p = 0.015). (c) Grass cover %, where CON plots had significantly
less grass cover than those with CHEM2 (p < 0.001) and CHICK plots (p = 0.033).
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2.3.3.3 Vegetation survey data 2021 vs 2022

Vegetation cover and vegetation height

Overall vegetation cover for all sampled plots, irrespective of treatments, increased from
13.1 + 7.1% (Mean * Standard deviation) in 2021 to 14.2 £ 8.2% in 2022 (Appendix D,
Table D.1), but this was not significantly different between the years (z = 1.115, p = 0.265).
Vegetation cover was highest in plots with CHEM2-2022 and lowest in those in the CON-
2022. The observed vegetation cover sequence was: CHEM2-2022 > CHICK-2022 >
CHEM2-2021 > CHEM1-2021 > BONE-2022 > CHICK-2021 > BONE-2021 > CHEM1-
2022 > CON-2021 > CON-2022 (Figure 2.14a). The difference in vegetation cover was
statistically significant when compared between individual soil amendments within years,
¥?(9) = 21.092, p = 0.012. Specifically, the vegetation cover for plots with CHEM2-2022
was significantly higher than those in the CON-2021 (p = 0.032) and CON-2022 (p = 0.039).

Similarly, overall vegetation height for all sampled plots, irrespective of treatments,
increased from 3.43 = 1.45 cm in 2021 to 8.58 £ 7.07 cm in 2022 (Appendix D, Table D.1),
and these interannual differences were significant (z = 3.314, p = 0.001). Vegetation was
tallest in plots with CHEMZ2-2022 and shortest in those with CON-2021. The observed
sequence was: CHEM2-2022 > CHICK-2022 > CHEM1-2022 > BONE-2022 > CHEMZ2-
2021 > CHEM1-2021 > CHICK-2021 > BONE-2021 > CON-2022 > CON-2021 (Figure
2.14b). The difference in vegetation height was statistically significant when compared
between individual soil amendments within years, ¥%(9) = 30.873, p < 0.001. Specifically,
the vegetation height for plots with CHICK-2022 was significantly higher than those in the
CON-2021 (p = 0.048) and CON-2022 (p = 0.032).

Vegetation taxa: Mosses, lichens, grasses, and flowering dicots.

Moss cover for all sampled plots, irrespective of treatments, was 0.3 + 0.2% in 2021 and
0.2 £ 0.2% in 2022 (Appendix D, Table D.2) and this interannual difference was statistically
significant between years (z = -3.084, p = 0.001), but comparisons between individual soil
amendment treatments within years, were not significant, ¥*(9) = 12.990, p = 0.163
(Appendix D, Figure D.1a). Similarly, lichen cover for all sampled plots, irrespective of
treatments, was 0.4 £+ 0.3% in 2021 and 0.2 £ 0.2% in 2022 (Appendix D, Table D.2), and
this interannual difference was statistically significant between years (z = -2.140, p = 0.032),
but comparisons between individual soil amendment treatments within years, were not
significant, ¥*(9) = 5.026, p = 0.832 (Appendix D, Figure D.1b).

Grass cover showed no significant difference between years, regardless of the treatments
(z=0.190, p = 0.850) and was 4.9 + 3.3% in 2021 and 4.9 £ 3.4% in 2022 (Appendix D,
Table D.2). Grass cover was highest in plots treated with CHEM2-2022 and lowest in those
in the CON2021 and CON-2022, showing this pattern: CHEM2-2022 > CHEM2-2021 >
CHICK-2022 > CHICK-2021 > CHEM1-2021 > CHEM1-2022 > BONE-2022 > BONE-
2021 > CON-2022 = CON-2021 (Figure 2.14c). The difference in grass cover was
statistically significant when compared between individual soil amendments within years,
¥?(9) = 29.752, p < 0.001. Grass cover for CON-2021 plots was significantly lower than plots
with CHEMZ2-2021 (p = 0.008) and CHEM2-2022 (p = 0.005). Similarly, grass cover for
CON-2022 plots was significantly lower than plots with CHEM2-2021 (p = 0.013) and
CHEM2-2022 (p = 0.008).
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Lastly, flowering dicots cover also showed no significant difference between years
(z=1.234, p = 0.217) and was 8.6 + 5.4% in 2021 and 9.8 + 6.4% in 2022 (Appendix D,
Table D.2). Flowering dicots cover was highest in plots with CHEM2-2022 and lowest in
those in the CON-2021, and the observed pattern was: CHEM2-2022 > CHICK-2022 >
CHEM1-2021 > BONE-2022 > CHICK-2021 > CHEM2-2021 > BONE-2021 > CHEM1-
2022 > CON-2022 > CON-2021 (Appendix D, Figure D.1c). There was no significant
difference in flowering dicots cover when compared between individual soil amendments
within years (¥?(9) = 15.513, p = 0.078).
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Figure 2.14 Vegetation survey data (mean * standard deviation) for soil amendments in
2021 and 2022. Five types of soil amendments were used: CON = Control, BONE =
Bonemeal, CHEM1 = Chemical fertilizer 1, CHEM2 = Chemical fertilizer 2, CHICK =
Chicken manure. (a) Vegetation cover %, where CHEM2-2022 had significantly more
vegetation cover than CON-2021 (p = 0.032) and CON-2022 (p = 0.039). (b) Vegetation
height (cm), where CHICK-2022 plots had taller vegetation than CON-2021 (p = 0.048) and
CON-2022 (p = 0.032). (c) Grass cover %, where CON-2021 plots had significantly less
grass cover than CHEM2-2021 (p = 0.008) and CHEM2-2022 (p = 0.005); and CON-2022
plots had significantly less grass cover than CHEM2-2021 (p = 0.013) and CHEM2-2022
(p = 0.008).
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2.3.4 Correlations between parameters for 2022

Litter stabilisation factor was positively correlated with vegetation cover, vegetation height,
grass cover and flowering dicots cover, but not with any other parameters of soil or
vegetation (Table 2.8). Soil organic matter was also positively correlated with litter
decomposition rate, soil nitrogen and moss cover. Soil carbon showed a strong positive
correlation with soil nitrogen and soil carbon-to-nitrogen ratio.

Similarly, the vegetation cover showed a strong positive correlation with vegetation height,
grass cover, and flowering dicots cover. Vegetation height was positively correlated with
grass cover and flowering dicots cover (Table 2.8).

67



Table 2.8 Spearman correlation coefficients between soil properties and vegetation parameters for the year 2022 (n = 36). Soil properties
include litter decomposition rate (k, g g-1 per day), litter stabilisation factor (S, unitless), soil organic matter (SOM %), soil carbon (SC %),
soil nitrogen (SN %), soil carbon to nitrogen ratio (Soil C/N ratio), & soil pH(water), and vegetation parameter include vegetation cover (Veg.
%), vegetation height (Veg. Height, cm), moss cover (Moss %), lichen cover (Lichen %), grass cover (Grass %), and flowering dicots cover

(Flowering Dicots %). Note: ** = p < 0.01

Soil C/N Soil Veg. Height
Year 2022 k S SOM % SC % SN % Ratio pH(water) Veg% (cm)
k
S 0.120
SOM % 0.708** 0.102
SC % 0.126 0.061 0.333
SN % 0.315 -0.001 0.424** 0.792**
Soil C/N Ratio -0.143 0.113 0.105 0.479** -0.076
Soil pH(water) 0.158 -0.224 0.055 -0.207 0.077 -0.320
Veg% -0.019 0.461** 0.068 0.328 0.128 0.303 -0.260
Veg. Height (cm) 0.248 0.492** 0.217 0.232 0.164 0.169 -0.269 0.735**
Moss % 0.322 0.142 0.475** -0.138 -0.022 -0.113 0.091 -0.065 0.149
Lichen % -0.063 0.158 -0.002 -0.015 -0.058 0.039 -0.079 0.002 0.030
Grass % 0.028 0.460** 0.054 0.348 0.298 0.029 -0.425 0.714** 0.743**
Flowering Dicots %  -0.102 0.488** 0.041 0.265 0.080 0.335 -0.218 0.879** 0.589**
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2.4 Discussion and recommendations

2.4.1 Soil properties

This research shows the sensitivity of soil pH to the addition of new materials in the soil,
especially chemical fertilizer 2 (CHEMZ2) and bone meal (BONE). Soil pH(water) increased
with the addition of bonemeal (BONE) in comparison to that of chemical fertilizer 2
(CHEM2). The increasing pH of soil may be explained by the presence of calcium and
phosphorus in the bonemeal (BONE) amendment which acts as a liming agent and causes
the increase in OH- ions in soil solution (Matsuoka-Uno et al., 2022; Verde et al., 2010).
The decrease in soil pH due to chemical fertilizer 2 (CHEMZ2) could be due to the nitrification
of any excess or unused readily available nitrogen that was added through the application of
chemical fertilizer 2 (CHEMZ2). This process of nitrification is associated with microbial
activity and produces nitric acid, thus increasing the acidity of soil and lowering the soil pH
(Li et al., 2023). Another factor influencing this decrease of soil pH can be the increase in
vegetation cover observed in the plots treated with chemical fertilizer 2 (CHEM2). Many
studies have found that soil pH tends to decrease with increase in vegetation cover and soil
organic carbon, even with a narrow range of soil pH (Arnalds, 2015; Arnalds et al., 2013;
Fujii et al., 2012; Mankasingh & Gisladottir, 2019; Vilmundardottir et al., 2014). For
instance, Mankasingh and Gisladéttir (2019) observed lower soil pH(KCI) in vegetated soils
than that of sparsely vegetated soils irrespective of soil profile depth. Arnalds et al. (2013)
also observed significant decreases in pH for sandy gravel soils in south of Iceland after five
and seven years post revegetation and fertilization in comparison to control plots that were
untreated and had sparse vegetation. These observed changes in the soil pH may also indicate
that the buffering capacity of soils may be insufficient to provide resistance to pH changes
due to addition of soil amendments (Lumbanraja & Evangelou, 1991; Magdoff & Bartlett,
1985). Mankasingh and Gisladéttir (2019) also observed a strong correlation of cation
exchange capacity to soil pH for sites with sparse vegetation. However, the buffering
capacity and CEC of the soil were not measured in this study, but it would be helpful to
measure them in the future to assess their relationship with soil pH under different types of
organic soil amendments. The increase in soil pH aligns with the findings of Verde et al.
(2010), where the liming and heating of soils also increased soil pH. Moreover, Zheng et al.
(2023) found an increase in soil pH due to the addition of variable amounts of bone meal.
However, the increase in soil pH in this study is not in agreement with the results of Nogalska
et al. (2017), where the increased doses of meat and bone meal (80 - 200 kg N/ha)
supplemented with mineral potassium applied over three years resulted in decreased soil pH.
Long term research is needed to further assess the differences in soil pH between chemical
fertilizer 2 (CHEMZ2) and bonemeal (BONE). This may be helpful to identify whether locally
sourced bonemeal can be an alternative to imported chemical fertilizers for increasing soil
pH, especially for those soils which have been facing acidification due to continuous
application of chemical fertilizers (Massah & Azadegan, 2016; Montanarella et al., 2016;
Savci, 2012a).

The type of soil amendment used had no significant effect on soil organic matter, soil carbon,
soil nitrogen, and soil carbon to nitrogen ratio. These results align with the slow process of
soil development (Mdckel, 2016; Vilmundardéttir et al., 2014) through addition of soil
amendments (Liu et al., 2020; Takahashi, 2014). Changes in soil properties due to soil
amendments of any kind are slow and long-term, ranging from a few years to several decades
(Ballantine & Schneider, 2009; Hill, 2023; Paustian et al., 1992) and hence, the time period
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of this study (2 years) may be too short to detect any significant changes in soil properties.
This highlights the need for long-term monitoring of soil properties and development given
different soil amendments. Diligent monitoring of the long-term effects of these amendments
on soil health can help optimize resource use, reduce waste, reduce landfills, and enhance
the sustainability of agricultural and restoration practices, aligning with the principles of the
circular economy, which emphasizes the efficient use of resources and minimizing
environmental impact (European Commission Directorate-General for Environment, 2021a,
2021Db).

The soil available carbon, measured on a single block within the study area, is only an
estimate and do not show a complete picture due to the small sample size used. Despite this,
soil amendments such as bokashi compost (BOK1, BOK2) and bonemeal (BONE) had the
highest soil available carbon, whereas Molta compost (MOLTA) was very similar to the
control (CON) plots. Soil available carbon represents the readily available carbon that can
be used directly by soil biota (Brussaard, 2012; Brussaard et al., 2007; Llado et al., 2017).
The addition of amendments with high amounts of readily available carbon may help restore
soil biodiversity (Li et al., 2022; Pushkareva et al., 2021) and resilience to climate change
(Cheng et al., 2023; Liu et al., 2020). The large variation in soil available carbon values
highlights the need to study the amount of labile carbon at various time intervals post
amendment application. This will help identify locally available organic alternatives to
chemical fertilizers.

2.4.2 Vegetation growth parameters

In just one growing season (2021), chemical fertilizer plots (CHEM1, CHEM2) and plots
with chicken manure ((CHICK) had significantly taller vegetation (1.8-2.5x) than the control
plots. In addition, chemical fertilizer 2 (CHEM2) plots had significantly more grass cover
(5.4x), than the controls. This trend continued in the plots treated with chemical fertilizer 2
after two growing seasons post application. Furthermore, plots with chemical fertilizer 2
(CHEM2) had significantly more vegetation cover after two growing seasons than the
controls (CON) and the organic amendment plots with bokashi compost (BOK1, BOK2),
and Molta compost (MOLTA). Nonetheless, plots treated with chicken manure (CHICK)
showed significantly higher vegetation cover (~3x) relative to the controls after two growing
seasons. The changes in vegetation parameters seen in this study indicate that addition of
chemical fertilizers result in measurable changes in the vegetation growth parameters (e.g.,
vegetation cover, grass cover, vegetation height) which are noticeable in the short-term (one
growing season). Whereas the use of organic amendments such as bonemeal and chicken
manure take longer (at least two growing seasons) to yield noticeable changes in vegetation.
This can be explained as the addition of chemical fertilizers provides readily available
nutrients to the soil, making it easier for plants to take them up, than the complex forms of
nutrients found in the other organic soil amendments (Anda & Dahlgren, 2020; Lopes et al.,
2021; Shaji et al., 2021; Verde et al., 2010; Wilhelm et al., 2022). Over time, the vegetation
starts to increase, and vegetation growth parameters become measurable for plots treated
with organic soil amendments mainly due to the increase in plant available nutrients after
their decomposition progresses. The chemical fertilizer 1 (CHEM1) plots only had
significantly taller vegetation than the controls (CON) in the first growing season. This may
be explained by complete nutrient uptake by plants in the first growing season leaving
limited nutrients for plants to use the following growing season. Alternatively, the added
nutrients may have leached away so that none were left in the soil to be used the next year.
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Since leached or plant available nutrients were not measured in this study, an important
research priority is to measure nutrient availability for plants and amount of leached nutrients
after the addition of soil amendments. This can be done by sampling soil at various depths
and then comparing the availability of nutrients among various soil layers and corelating
vegetation growth post amendment application (Brenner, 2016; Major et al., 2012; Mdckel,
2016; Zaman et al., 2002).

Mosses, lichens, and flowering dicots cover did not change significantly between 2021 and
2022. This suggests that these vegetation taxa did not outcompete the growth of grasses
within the two growing seasons and may likely need more time to show significant and
measurable changes in growth based on the type of soil amendments. They may also require
varied amounts of these soil amendments. Given this, measuring changes in slow growing
vegetation taxa such as mosses and lichens, would benefit from longer term studies (>five
years). Moreover, the vegetation parameters for plots treated with bokashi compost were
very similar to the control plots. The late application of bokashi compost (BOK1 and BOK2)
may have contributed to the lack of significant changes in vegetation. The bokashi treatments
need to be evaluated further for their efficacy with respect to vegetation growth. A few
studies conducted in Mexico and USA have found that bokashi compost can have positive
effects on plant growth (Abo-Sido, 2018; Abo-Sido et al., 2021; Solis et al., 2016). Further
research is required to assess if bokashi compost made from locally sourced organic waste
can be an alternative to imported chemical fertilizers.

There seems to be a positive relationship between the amount of nitrogen applied through
the soil amendments, time passed post application, and vegetation growth. The amount of
applied nitrogen was directly proportional to the increase in vegetation cover for bonemeal
(BONE, 50 kg N/ha), chicken manure (CHICK, 100 kg N/ha), and chemical fertilizers
(CHEML, 50 kg N/ha; CHEMZ2, 100 kg N/ha) in comparison to controls. This observation is
in agreement with expected findings and with other studies, showing that an increase in
applied nitrogen results in greater vegetation growth (Balikoowa, 2014; Hauck, 1981;
Ingestad, 1977; Liu et al., 2020; Matsuoka-Uno et al., 2022; Tjilumbu, 2012). One of the
major reasons for using synthetic nitrogen fertilizers is to increase crop yields. This
highlights organic soil amendments such as bonemeal and chicken manure as potential
alternatives that have similar amount of applied nitrogen and can replace chemical fertilizers
without compromising vegetation growth. However, Molta compost (MOLTA) has the
highest soil C/N ratio (33.1) among all soil amendments in this study but there was no
significant change in vegetation cover for the plots treated with Molta compost (MOLTA,
100 kg N/ha) in comparison to control (CON) plots. This further indicates that amount of
nitrogen applied may not be the sole factor responsible for the observed changes in
vegetation growth over time. Instead, this may also depend on the soil C/N ratio, amount of
soil nitrogen readily available post amendments along with the texture and type of soil
amendments (Pascault et al., 2013). This is supported by the findings of Qian and Schoenau
(2002) where in short-term, availability of nitrogen decreased when C/N ratio of organic
amendment was over 15 indicating C/N ratio of manure had a significantly negative
corelation with N mineralization for manure-amended soils. Qian and Schoenau (2002) also
emphasizes that factors such as manure processing and forms can also be responsible for
changes in available nitrogen in addition to C/N ratio of organic soil amendments. Since this
study observed the response of vegetation growth parameters within two years post soil
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amendment application, further research is required to evaluate long-term changes. For
instance, it would be useful to do a study measuring readily available nutrients (e.g., carbon,
nitrogen, phosphorus) and changes in vegetation growth after each growing season post
application for five and ten years and assess relationships between vegetation growth,
amount of applied nitrogen, and readily available nutrients. This would help to identify and
further explore the dynamics of nitrogen supplementation based on studies setup for time
periods longer than two years.

2.4.3 Litter decomposition and stabilisation

In the tea-bag study, decomposition rate is indicative of short-term dynamics of new input
into the soil, i.e., decomposition of labile fraction or labile compounds by microorganisms
and mesofauna present in soil (Fujii et al., 2017; Keuskamp et al., 2013). Since the teabag
study uses standardised material in the form of green and rooibos tea, decomposition rates
are only indicative of microbial activity and do not provide information on actual
decomposition of the added soil amendments (Duddigan et al., 2022). Decomposition rates
did not vary significantly among the soil amendments, suggesting that the soils treated with
various amendments had similarity in labile fractions or similar amounts of labile
compounds present. These results contrasted with other studies where decomposition rates
were significantly different due to amendment application (Duddigan et al., 2020; Duddigan
et al., 2022). Microbial activities are sensitive to changes in temperature and moisture
causing varied decomposition rates (Murphy et al., 1998; Withington & Sanford, 2007). This
study did not consider soil moisture, but it is a research priority to assess the impacts of
amendment application on decomposition rate and microbial activities in relation to changes
in soil moisture and local temperature to find suitable locally sourced, sustainable
alternatives to chemical fertilizers.

The stabilisation factor is indicative of long-term carbon storage (Elumeeva et al., 2018;
Fujii et al., 2017; Keuskamp et al., 2013) and a significantly higher stabilisation factor was
observed for soils treated with chicken manure (CHICK) than those in the control (CON)
and bokashi 2 (BOK2) plots. This suggests that the recalcitrant carbon compounds or
fractions present in plots treated with chicken manure may increase soil carbon stability, by
taking longer to decompose than the control and bokashi treated soils. Recalcitrant carbon
compounds tend to be responsible for the long-term accumulation of carbon making it
possible to lower carbon emissions and increase carbon sequestration in soils (Ball et al.,
2022; Daebeler et al., 2022; Lecerf et al., 2021; Liu et al., 2022; Martinez-Garcia et al.,
2021). This makes chicken manure a very promising soil amendment for long-term carbon
sequestration in soils. A few studies conducted in China and USA have found that soil
amendments such as chicken manure and biochar produced from chicken manure can have
positive effects on carbon sequestration in soils (Huang et al., 2019; Xiao et al., 2018).
However, this study in Geitasandur was relatively short term (2 years) to find conclusive
evidence for soil carbon sequestration using chicken manure, further warranting the need for
long term research. Cayci et al. (2017) observed some positive effects of chicken manure on
soils such increased soil aggregation properties, soil organic carbon, and electrical
conductivity, while Kacprzak et al. (2023) highlights harmful impacts of poultry manure,
such as unbalanced C/N ratio and contamination due to pathogens. Further research is
needed to study the carbon sequestration dynamics of these organic and chemical
amendments. This could be done by conducting a teabag study on the same plots every year
to see the effect of time on stabilisation factor among soil amendments. In addition, weekly
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measurements can be made to detect changes in decomposition and stabilisation of the litter.
Such information would be helpful in identifying changes in litter over time and evaluating
carbon sequestration potential of organic amendments.

2.4.4 Relation between soil properties and vegetation

The litter stabilisation measured in the teabag study is reflective of the k-strategist soil
organisms and explains the strong positive correlation of stabilisation factor with the cover
of vegetation, grasses, and flowering dicots, as well as vegetation height, because plants use
nitrogen associated compounds to fasten their growth. The strong positive correlations of
SOM with litter decomposition rate, soil nitrogen and mosses cover are related to the
addition of soil amendments. Soil biota decomposes the added residue and breaks them down
into smaller matter contributing directly to the soil organic matter (Brussaard et al., 2007).
Changes in the soil organic matter is then directly related to soil properties such as soil
aggregate size, and soil humic and non humic substances, which subsequently result in
changes in nutrient cycling, and interactions between plant growth and soil nutrient cycling
(Chari & Taylor, 2022; de Graaff et al., 2006; Hoffland et al., 2020). Soil organic matter is
often lost from the soil in the form of carbon dioxide produced by the decomposition of soil
microorganisms (Carney et al., 2007). The slow k-strategist soil organisms are responsible
for the decomposition of recalcitrant compounds present in soil or added amendments
(Meyer, 1994), while the rapid r-strategist soil organisms are responsible for decomposition
of labile compounds (Kielak et al., 2009; Pan et al., 2022). The r-strategist organisms soon
die from starvation after exhausting easily decomposed compounds, and continuously add
to the soil organic matter (Brady & Weil, 2014; Pascault et al., 2013). The k-strategists
organisms continue to degrade cellulose and lignin, and further the decomposition of dead
microbial cells causing mineralisation and release of inorganic compounds such as nitrates
and sulphates (Fontaine et al., 2003; Meyer, 1994; Pan et al., 2022). The remaining carbon
in the soil is then converted into soil humus which is highly resistant and counts toward soil
carbon storage by slightly increasing the stable pool of soil organic matter (Cotrufo et al.,
2019; de Graaff et al., 2006; European Commission, 2019). Global rise in atmospheric CO>
levels may have negative impacts on soil microbial communities (Sun et al., 2021). Further
research is needed to investigate the effect of the global CO- levels on the corelation between
litter stabilisation factor, vegetation growth and soil amendments.

Soil carbon showed a strong positive correlation with soil nitrogen and soil carbon-to-
nitrogen ratio. This can be explained by close link between soil nitrogen and soil carbon.
Nitrogen, when returned to soil, exists in equilibrium with a larger and much stable humus
associated pool, and this equilibrium shifts towards immobilization and mineralization based
on higher and lower input of carbon respectively with respect to added nitrogen
input (Schlesinger, 2009; Singh, 2011). Lastly, the strong positive correlations of vegetation
cover with vegetation height, grass cover and flowering dicots cover can be explained by the
positive response of vegetation to increased nutrient availability (in ’t Zandt et al., 2019;
Klanderud, 2008; Liu et al., 2020). Further research is required to monitor the response of
vegetation in different amendment plots to see how the plant communities vary over time
and to investigate if there is any competition within vegetation taxa due to nutrient addition
through organic soil amendments.
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2.5 Conclusion

This study was able to measure some changes in Icelandic soil properties and vegetation
growth due to addition of various organic and chemical soil amendments. None of the soil
amendments caused any significant changes to soil properties (SOM, SC, SN, soil C/N ratio),
except soil pH which was sensitive to changes and significantly higher in bonemeal plots,
than in plots where higher dose of chemical fertilizer (chemical fertilizer 2) was applied.
This highlights the need for long-term monitoring of soil properties, development, and health
given different soil amendments. VVegetation growth parameters such as grass cover and
vegetation height were significantly higher in just one growing season due to addition of
chemical fertilizer 2 in comparison to the controls. After two growing seasons post
amendment application, vegetation cover also started to show measurable and significant
changes with the use of chemical fertilizer 2, chicken manure, and bonemeal relative to the
control plots. Long-term research on the changes in vegetation growth and succession post
amendment application (e.g., 5 to 10 years post amendment) is a priority. This will help
identify and further explore the dynamics of nitrogen supplementation over time.
Furthermore, it will help evaluate other locally sourced organic amendments, such as
bokashi compost and Molta compost. Although decomposition rate did not vary significantly
among soil amendments, stabilisation factor was significantly higher for chicken manure
than in the control and bokashi plots, indicating the long-term potential of carbon
sequestration in soils treated with chicken manure. Based on this study, chicken manure and
bonemeal are promising replacements for chemical fertilizers as they cause changes in soil
acidity and vegetation that are measurable and significant within a short time period (2 years
post application). Moreover, the cost associated with imported chemical fertilizers,
especially for Iceland, may be reduced by using locally sourced organic amendments. With
the help of a web calculator developed by SCSI and EFLA (n.d.), it is possible to calculate
the cost of using various organic soil amendments for reclamation in comparison to using
chemical fertilizer. Results from it show that depending on the type of organic amendment
and transport distances, the organic materials sometimes cost less than using chemical
fertilizer (e.g. chicken manure). Thus, in some cases, costs for reclamation can be reduced
by using locally sourced materials. Although this study was only two-year long, the results
suggest that chicken manure may potentially be useful for carbon sequestration and
bonemeal can be used to increase soil alkalinity in regions where soils are facing threat of
acidification, but long-term research is warranted. Additional research on locally sourced
organic amendments and their long-term effects on soil, vegetation, and the environment,
would be helpful to identify more options that can be a part of the sustainable agricultural
practices in Iceland. Using these organic amendments for soil restoration activities promotes
circular economy by reducing and reusing waste, which usually ends up in landfills and
causes harmful emissions, and is an important step towards achieving carbon neutrality,
guiding policies on soil restoration, and waste management in Iceland and around the world.
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Appendix A. Soil properties for eight
soil amendments.
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Figure A.1 Soil properties presented as means + standard deviations for the following soil
amendments: CON = Control, BOK1 = Bokashi 1, BOK2 = Bokashi 2, BONE = Bonemeal,
CHEM1 = Chemical fertilizer 1, CHEM2 = Chemical fertilizer 2, CHICK = Chicken
manure, and MOLTA = Molta compost. (a) Soil organic matter %, (b) Soil carbon to

nitrogen ratio, (c) Soil carbon %, and (d) Soil nitrogen %. None of these soil properties were
significantly different among soil amendments.
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Appendix B. Vegetation survey data
for five soil amendments in 2021.
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Figure B.1 Vegetation survey data (mean + standard deviation) for soil amendments in 2021.
Five types of soil amendments were used: CON = Control, BONE = Bonemeal, CHEM1 =
Chemical fertilizer 1, CHEM2 = Chemical fertilizer 2, CHICK = Chicken manure.
(a) Vegetation cover %, (b) Flowering dicots cover %, (c) Moss cover %, and (d) Lichen
cover %. None of these vegetation parameters were significantly different among soil

amendments for year 2021.
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Appendix C. Vegetation survey data
for eight soil amendments in 2022.
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Figure C.1 Vegetation survey data (means + standard deviations) for soil amendments in
2022. The eight types of soil amendments were: CON = Control, BOK1 = Bokashi 1, BOK2
= Bokashi 2, BONE = Bonemeal, CHEM1 = Chemical fertilizer 1, CHEM2 = Chemical
fertilizer 2, CHICK = Chicken manure, MOLTA = Molta compost. (a) Moss cover %, (b)
Lichen cover %, and (c) Flowering dicots cover %. None of these vegetation parameters
were significantly different among soil amendments for year 2022.
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Appendix D. Vegetation survey data
for five soil amendments in year 2021
and 2022.

Table D.1 Vegetation parameters for soil amendments in 2021 and 2022. Five soil
amendments were used: CON = Control, BONE = Bonemeal, CHEM1 = Chemical
fertilizer 1, CHEM2 = Chemical fertilizer 2, CHICK = Chicken manure. Means and
Standard deviations (shown in parentheses) are presented. Note: CHEM2-2022 plots had
significantly more vegetation cover than CON-2021 (p = 0.032) and CON-2022 (p = 0.039).
Also, CHICK-2022 plots had taller vegetation than CON-2021 (p = 0.048) and CON-2022

(p = 0.032).
Vegetation Cover (%) Vegetation Height (cm)
Amendments 2021 2022 2021 2022
CON 6.9 (4.8) 5.9 (3.6) 2.19 (0.83) 2.42 (2.31)
(n=8)
BONE 13.8 (4.4) 16.5 (2.6) 2.85 (1.54) 6.11 (1.95)
(n=4)
CHEM1 16.8 (5.7) 13.5(5.1) 3.99 (0.89) 8.94 (5.73)
(n=4)
CHEM2 18.3(7.2) 24.3 (8.6) 5.42 (0.61) 16.19 (7.57)
(n=4)
CHICK 16.3 (7.8) 18.8 (4.7) 3.95 (0.68) 15.41 (5.26)
(n=4)
Total 13.1(7.1) 14.2 (8.2) 3.43 (1.45) 8.58 (7.07)
(n=24)
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Table D.2 Vegetation taxa cover for soil amendments in 2021 and 2022. Five types of soil amendments were used (CON = Control, BONE =
Bonemeal, CHEM1 = Chemical fertilizer 1, CHEM2 = Chemical fertilizer 2, CHICK = Chicken manure). Means (Standard deviations) are
shown. Note: CON-2021 plots had significantly less grass cover than CHEM2-2021 (p = 0.008) and CHEM2-2022 (p = 0.005); and CON-2022
plots had significantly less grass cover than CHEM2-2021 (p = 0.013) and CHEM2-2022 (p = 0.008). Also, the comparisons between individual
soil amendments within years were not significantly different for moss cover, lichen cover, and flowering dicot cover.

Moss Cover (%) Lichen Cover (%) Grass Cover (%) Flowering Dicots Cover (%)
Amendments 2021 2022 2021 2022 2021 2022 2021 2022

(Cog 0.3(0.3) 0.2 (0.2) 0.3(0.2) 0.2 (0.1) 1.9 (1.1) 1.9 (1.1) 5.0 (2.7) 5.3 (4.8)
n=

I?ON4)E 0.3(0.2) 0.2 (0.2) 0.6 (0.5) 0.3 (0.3) 4.0 (1.9) 4.1 (2.1) 9.5 (5.1) 11.3 (3.2)
n=

C2-|E2/)I1 0.3(0.2) 0.1(0.1) 0.3(0.3) 0.2 (0.2) 5.5 (1.9) 4.5 (1.5) 11.7 (6.7) 8.7 (4.9)
n=

CFEZ/)IZ 0.4 (0.3) 0.2 (0.2) 0.4 (0.3) 0.3 (0.4) 10.3 (1.9) 10.8 (2.6) 10.3 (6.4) 15.2 (9.4)
n=

C(HIC4:)K 0.3(0.2) 0.1(0.1) 0.4 (0.5) 0.2 (0.2) 5.7 (2.0) 6.0 (1.4) 10.5 (6.3) 13.0 (5.2)
n=

(Tog) 0.3(0.2) 0.2 (0.2) 0.4 (0.3) 0.2 (0.2) 4.9 (3.3) 4.9 (3.4) 8.6 (5.4) 9.8 (6.4)
n=
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Figure D.1 Vegetation survey data (mean + standard deviation) for soil amendments in 2021
and 2022. Five types of soil amendments were used: CON = Control, BONE = Bonemeal,
CHEM1 = Chemical fertilizer 1, CHEM2 = Chemical fertilizer 2, CHICK = Chicken
manure. (a) Moss cover %, (b) Lichen cover %, and (c) Flowering dicots cover %. Note that
comparisons between individual soil amendments within years were not significantly
different for moss cover, lichen cover, and flowering dicot cover.
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