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Abstract 
Since settlement Iceland has faced severe soil degradation due to a combination of 
natural stressors – glacial flooding, volcanic eruption, and heavy wind – and anthropogenic 
stressors – grazing livestock, wood harvesting, and land use change. Declining soil 
stability under these conditions resulted in extensive soil erosion: 40% of Iceland now has 
considerable, severe, or extremely severe erosion. Fertilizers have been utilized for land 
reclamation in Iceland for many years, but they have mostly been imported, chemical 
fertilizers. By-products of existing Icelandic industries, such as livestock farming, offer 
organic fertilizers that could simultaneously reduce erosive forces while making use of a 
waste product. Restoring vegetation, decreasing soil loss, and encouraging natural 
succession would increase ecosystem resilience, ensuring longevity and capacity to 
regulate ecosystem services. This study investigated vegetation and soil changes by three 
incrementing depths (0-5, 5-10, and 10-20 cm) in Geitasandur, a degraded sandy desert in 
south Iceland, five years after applications of various fertilizer treatments: a single- and 
triple application of imported, chemical fertilizers, three types of domestic, organic 
fertilizers – bone meal, sewage sludge, and chicken manure – and an untreated control 
scenario. Vegetation cover in control plots at Geitasandur was quite sparse, but increased 
significantly in triple-chemically treated plots, primarily in the form of moss, as well as 
vegetation height. Available nitrate, nitrite, and phosphorus concentrations were negligible 
in all treatments, but triple-chemical plots exhibited greater amounts of ammonium than 
the control, single-chemical, chicken manure and sewage. Bulk density, carbon content and 
soil organic matter were not affected by the treatments, but as vegetation progresses it is 
likely that differences between treatments will become apparent, and soils with higher 
vegetative cover will acquire greater amounts of carbon and organic matter. Other research 
projects have shown the effectiveness of organic fertilizers in establishing vegetation, thus 
improving soil structure, carbon content, availability of nutrients and increasing the 
resilience of the landscape. Surprisingly, this study did not find any significant effects 
under the organic fertilizer treatments. This lack of significance could be due to factors 
such as the short timespan following application (5 years), or the low application rate 
(single application: 50 kg N/ha). It is possible that after more time, or after triple 
applications, the organic fertilizers would exhibit more significant results. Increased usage 
of these materials would simultaneously reduce landfill waste and reduce imports of non-
renewable resources such as chemical fertilizer. 

 

 

 



 

Útdráttur 
Mikil landeyðing hefur átt sér stað á Íslandi frá upphafi búsetu í landinu vegna ýmissa 
samverkandi þátta – náttúrlegra ferla s.s. flóða, eldgosa og sterkra vinda og vegna nýtingar 
mannsins á náttúruauðlindunum s.s. með beit, viðarekju og breytingum á landnotkun. 
Minni stöðugleiki jarðvegs hefur valdið miklu jarðvegsrofi og er nú talsvert, mikið eða 
mjög mikið jarðvegsrof á um 40% af yfirborði landsins. Til margra ára hefur áburður verið 
notaður við endurheimt landgæða og lengstum hefur verið notaður innfluttur tilbúinn 
áburður. Ef lífrænn áburður sem fellur til í landbúnaði eða í matvælaiðnaði væri notaður 
við landgræðslu gæti hvoru tveggja áunnist, dregið yrði úr áhrifum jarðvegseyðandi ferla 
og stuðlað væri að minnkandi úrgangi frá iðnaði. Endurheimt gróðurs, minnkað 
jarðvegsrof og aukin náttúrleg framvinda gróðurs eru líkleg til að auka þanþol vistkerfa til 
langs tíma og efla þjónustu vistkerfa. Í þeirri rannsókn sem hér er kynnt eru athugaðar þær 
breytingar sem hafa átt sér stað á gróðurfari og næringarefnum í illa förnum sendnum 
jarðvegi (á 0-5 sm, 5-10 sm og 10-20 sm dýpi) á Geitasandi á Suðurlandi. Rannsóknin fór 
fram á sex mismunandi tilraunareitum fimm árum eftir að áburði var dreift á þá. 
Meðferðirnar voru: tilbúinn áburður sem hafði annarsvegar verið borinn á þrjú ár í röð, en 
einu sinni í öðrum. Þá var borinn á innlendur lífrænn áburður á þrjá reiti;  kjötmjöl, seyra 
og hænsnaskítur. Sjötti reiturinn var viðmiðunarreitur sem ekki var borið á. Gróðurþekja 
viðmiðunarreita á Geitasandi var gisin, en hún jókst mest í reitum sem höfðu fengið 
tilbúinn áburð í þrígang, en gróðurþekjan var svipuð í  þeim reitum þar sem borin voru á 
tilbúinn áburður, seyra og kjötmjöl og var gróðurþekjan marktækt meiri (aðallega mosi) og 
hæð gróðurs var meiri en í viðmiðunarreitum. Niðurstöður sýndu að óverulegt magn 
nýtanlegs nítrats, nítríts og fosfórs var til staðar í tilraunareitum að loknum fimm árum 
þegar mælingar fóru fram. Hinsvegar var ammóníak (NH4) hærra í þeim reitum sem höfðu 
fengið tilbúinn áburð þrisvar heldur en í viðmiði, reitum sem fengu einu sinni áburð, 
kjúklingaskít og seyru. Ekki var skýrt samband milli rúmþyngdar, og kolefnis- og lífræns 
innihalds jarðvegs, en líklegt er að það aukist með frekari gróðurframvindu, þar sem aukin 
gróðurþekja stuðlar að auknu kolefni og lífrænu innihaldi í jarðvegi. Aðrar rannsóknir 
benda til þess að notkun lífræns innlends áburðar sé góður kostur við endurheimt landgæða 
hér á landi þar sem slíkur áburður stuðlar að aukinni gróðurþekju,  bættri 
jarðvegsbyggingu, auknu kolefni og aðgengilegum næringarefnum fyrir gróður og stuðlar 
þar með að auknu þanþoli lands. Það kom á óvart hve áhrif lífræna áburðarins á jarðveg 
voru takmörkuð, sem gæti hugsanlega stafað af þeim stutta tíma síðan borið var á og/eða 
frekar lágum styrk köfnunarefnis (50 kg/ha). Þá er það mögulegt að breytingar á jarðvegi 
eigi eftir að koma í ljós þegar fram líða stundir eða þar sem borið var á þrisvar. Aukin 
nýting þessara efna til uppgræðslu stuðlar að vistvænni notkun áburðarefna úr úrgangi, 
dregur úr losun hans í umhverfið og dregur úr innflutningi óendurnýjanlegra auðlinda eins 
og tilbúins áburðar. 
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1 Introduction 
1.1 Soil Degradation 
Land degradation occurs when the land’s capacity to provide beneficial services is 
diminished or reduced due to past or ongoing land management practices (Hannam, 2001).  
Degradation of soil resources can alter the functioning of biogeochemcial cycles, as well as 
the use of other natural resources – unhealthy soils restrict biodiveristy, cannot properly 
retain water, and reduce land productivity (Hannam, 2001; Davies and Gale, 2013). 
Erskine and Saynor (1996) found that soil loss is inversely related to ground cover: when 
diverse plant species cannot take root, there is less vegetation to aggregate soil or retain 
water and nutrients. Land consumption, development and intense agricultural practices 
compact soils, reducing water infiltration and causing higher volumes of runoff (Mellino 
and Ulgiati, 2014). These elements create a positive feedback loop, making the soil 
increasingly vulnerable to degradation, eventually leading to a state of desertification 
(Hannam, 2001; UNCCD, 2007; Mellino and Ulgiati, 2014). Soil regeneration is a much 
slower process than degradation, so efforts to restore landscapes must prevent further 
degradation while simultaneously reversing the effects of it (Aradóttir et al., 2013).  
 
As of 2001, soil degradation had already impacted 1/3 of the world’s agricultural soils, and 
50% of Earth’s tillable soils were already degraded, establishing desertification as a 
socioeconomic issue and matter of global food security (Hannam, 2001; Sverdrup and 
Ragnarsdóttir, 2014). Beyond the scope of agricultural land, a 1999 global assessment of 
soil degradation (Bridges and Oldeman) estimated that 15% of the world’s total land area 
had been degraded due to human factors. Furthermore, 83% of degradation was in the form 
of erosion. Soil degradation by accelerated erosion and other processes may not only 
impair soil quality but also deplete the soil organic matter (SOM) pool (Brady and Weil, 
2002; Lal, 2003). Depletion of the SOM pool has also global implications because the 
terrestrial carbon (C) pool is the third largest pool (Batjes, 1996) and strongly impacts the 
global C cycle (Lal, 2004; Gisladottir and Stocking, 2005). McCarl et al. (2007) estimated 
that in the past 200 years, 50% of soil C had been lost due to land use, and that reducing 
agricultural intensity and curbing erosion are methods of reducing further loss.  
 
There has been research into land reclamation management techniques. For example, 
Erskine and Saynor (1996) assessed changes in soil loss from conservation sites that had 
been replanted in central eastern Australia. Eviner and Hawkes (2008) looked at plant-soil 
interactions in order to connect the theory and practical application of land restoration 
management approaches, so that seeding could be more effective. A 1999 study by Forbes 
and Jefferies looked at arctic revegetation techniques, primarily in the form of re-seeding 
and direct planting of native and non-native species. Many reclamation studies have looked 
at the varying effectiveness of seeds (Erskine and Saynor, 1996; Forbes and Jefferies, 
1999) or plants (Forbes and Jefferies, 1999; Su et al., 2007) in reclamation, but there were 
fewer studies to be found on the effectiveness of different fertilizer applications in 
restoring degraded soils. Hornick and Parr (1987) found that amendments of manure and 
compost on degraded mining sites in northeastern USA reduced erosion and nutrient loss, 
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and increased water holding capacity. However, White et al. (1997) looked at the 
application of biosolids in a degraded, semi-arid rangeland, but found that after nine years 
the soil properties of the treated plots had returned to pre-treatment levels. 
 
Most studies that looked at soil benefits following fertilizer application were in the context 
of agricultural soils. Research in this field has looked at agricultural fertilizer application  
in relation to erosional risk (Basic et al., 2004; Doan et al., 2015), changes in crop yields 
(Jeng et al., 2007; Steiner et al., 2007; Jokela and Nair, 2016; Kihara et al., 2016), and 
changes in soil properties (Mader et al., 2002; Hargreaves et al., 2008; Dillard et al., 2015; 
Lehtinen et al., 2015). In agricultural settings, organic fertilizers (e.g. biochar, compost, 
charcoal, sewage sludge, etc.) have been found to increase soil organic carbon (Mikha and 
Rice, 2004), provide or increase the availability of nutrients (Steiner et al., 2007), increase 
diversity of flora and fauna (Mader et al., 2002), and encourage aggregate stability (Mader 
et al., 2002; Lehtinen et al., 2015) over control scenarios. In addition to these soil benefits, 
the utilization of organic fertilizers, as opposed to chemical fertilizers, is a more 
environmentally sustainable option.  Production of inorganic fertilizers relies on the mining 
of phosphorus, a non-renewable resource with diminishing reserves (Steen, 1998; Cordell 
et al., 2009), whereas many pre-existing industrial byproducts or waste products also 
function as organic fertilizers, such as bone meal (Jeng et al., 2007), manure (Lehtinen et 
al., 2015), or municipal sewage sludge (Singh et al., 2004). Furthermore, utilization of 
these byproducts has been shown, compared with landfilling, to reduce environmental 
impacts, such as carbon emissions and eutrophication risks (Sonesson et al., 2000; Righi et 
al., 2013). While the aforementioned studies (Mader et al., 2002; Basic et al., 2004; Mikha 
and Rice, 2004; Jeng et al., 2007; Steiner et al., 2007; Hargreaves et al., 2008; Dillard et 
al., 2015; Doan et al., 2015; Lehtinen et al., 2015; Jokela and Nair, 2016; Kihara et al., 
2016) have looked at soil health and degradation risks in the context of- or by comparing 
different fertilizer types (as well as land management), their focuses were primarily on 
agricultural soils and agricultural production, not on degraded soils or land reclamation. 
Regional assessment of land management techniques is important, as the extent and effects 
of soil degradation can shift and vary under compounding factors within a regional setting 
due to influences such as climate, geology, historical and current land use, population, and 
native flora and fauna (Arnalds, Thorarinsdottir, et al., 2001; Aradóttir et al., 2013; 
Arnalds, 2015). There is therefore a necessity to study reclamation practices in a local 
setting. 

1.2 Soil erosion and land restoration in Iceland 
Iceland’s unique volcanic and glacial environments introduce the risks of volcanic tephra 
and ash deposition, as well as glacial floods that displace large amounts of silt. The impact 
of these events are largely influenced by the existing landscape: a more stable and diverse 
ecosystem exhibits greater resiliency through natural disasters (Arnalds, Thorarinsdottir, et 
al., 2001; Aradóttir et al., 2013). 

However, for the past 1,100 years, since the time of Iceland’s settlement, Icelandic 
landscapes have faced severe degradation and erosion (Arnalds, Gisladottir, et al., 2001; 
Arnalds and Barkarson, 2003; Arnalds, 2004; Arnalds et al., 2012). The combination of 
natural ecosystem stressors – heavy volcanic ash deposition, regular climatic changes, 
heavy winds, glacial flooding, and high elevation – and the introduction of anthropogenic 
stressors – wood harvesting, livestock grazing, and land use change – has resulted in a 
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steady loss of soil stability (Arnalds and Barkarson, 2003; Dugmore et al., 2009; 
Gísladóttir et al., 2010; Gísladóttir et al., 2011; Arnalds et al., 2012; Aradóttir et al., 2013). 
Currently about 40% of Iceland’s 103,000 km2 of land has considerable, severe, or 
extremely severe erosion, and 42% of Iceland is barren desert, with limited vegetation and 
high vulnerability to erosion (Arnalds, Thorarinsdottir, et al., 2001; Arnalds, 2008; 
Gísladóttir et al., 2010; Aradóttir et al., 2013). Iceland is primarily composed of Andosols, 
formed from volcanic material, and are very vulnerable to wind and water erosion 
(Arnalds, Thorarinsdottir, et al., 2001; Arnalds, 2015). Loss of vegetation further increases 
the soil’s susceptibility to wind and water erosion; wind alone can carry dust 100 to 
>600 kg m-2 in a year, threatening vegetation, leading to further degradation (Arnalds et al., 
2012).  

Efforts to restore eroded landscapes in Iceland have been underway since 1907 when the 
Soil Conservation Service of Iceland (SCSI), originally the Sand Reclamation Institute, 
was established, taking action to reduce drifting sand by means of restricted grazing and 
direct-seeding of Lyme grass and birch trees (Crofts, 2011; Aradóttir et al., 2013). Present-
day restoration is primarily focused upon: increasing the diversity of species and habitats, 
placing greater emphasis on landowners’ and farmers’ responsibilities, strengthening the 
resilience of ecosystems that are prone to volcanic deposition or glacial flooding, and 
continuing to stabilize encroaching sand (Arnalds, 2004; Crofts, 2011; Aradóttir et al., 
2013). The SCSI has established around 170 revegetation sites in the past 100 years, 
totaling over 5,700 km2, and nearly 20% of these projects have been successfully 
reclaimed, though these numbers are rough estimates due to the frequency of collaborative 
projects and variability of historical documentation (Crofts, 2011; Aradóttir et al., 2013). 
The Icelandic Forest Service (IFS) is also a key player in Iceland’s soil restoration story, 
protecting more than 186 km2 of woodlands in the form of birch establishment and 
restricted grazing (Aradóttir et al., 2013). 

In addition to reduced grazing and direct seeding, the SCSI has also made efforts to restore 
and improve Icelandic soils by fertilizing and/or seeding areas based on existing vegetation 
and soil health: Lyme grass seed and fertilizer application on unvegetated, barren lands; 
fertilizer application on degraded lands with limited vegetation. Though much of the 
fertilizer used in these projects is imported, chemical fertilizer, the SCSI is interested in 
increasing the utilization of domestic, organic fertilizers for restoration (Crofts, 2011; 
personal communication, Magnús H. Jóhannsson, 2015). 

1.3 Project Setting 
This study was conducted in Geitasandur, south Iceland, a sparsely vegetated sandy desert 
with basaltic parent material and high levels of volcanic glass (Arnalds, 2008; Arnalds et 
al., 2013). The local region is cool and humid, with average winter temperatures around -
2 °C, average summer temperatures around 11 °C, and an average annual rainfall of 1200 
mm/year (IMO, n.d.a.). The topsoil in Geitasandur has already been stripped away due to 
erosion, and the limited vegetation cover exposes it to considerable wind erosion, which 
can displace >500 kg m-1 in a single storm (Arnalds, 2010), thus depleting soil organic 
carbon (SOC) stocks (Arnalds, 2004; Arnalds et al., 2013). As desert landscapes have the 
capacity to spread material, suffocating the vegetation of non-eroded areas (Magnússon, 
1997), soils left deserted and vulnerable to further degradation and erosive forces could 
have the potential to do damage to surrounding landscapes. Vegetation cover would 
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provide protection for these exposed soils, reducing vulnerability to erosion and 
encouraging the development of healthier soils (Arnalds, Thorarinsdottir, et al., 2001). 
Succession is particularly slow in landscapes that have been eroded and left degraded for 
many years, as opposed to soils that experience a natural disturbance such as volcanic 
eruption or receding glaciers (Gretarsdottir et al., 2004). Even where succession takes 
place, it is generally at a slow pace: Geitasandur, the focus of this 21st century study, was 
degraded in the medieval era (Arnalds et al., 2013). 

According to the Arnalds et al. 2013 study, (3.97 km from this project’s location), upper 
layers of the Geitasandur soil in the study site are sandy loam/loamy sand, though the 
surface layer is gravelly due to winter frost heaves. The soils are low in C, have low water 
retention, and are classified as Vitrisols by Arnalds et al. (2013), or as Andosols by the 
World Reference Base (WRB) (Arnalds, 2004; FAO, 2015). In the present study the 
Vitrisol classification will used in order to distinguish them from Brown Andosols (WRB: 
Haplic Andosols), Gleyic Andosols, Histic Andosols, or Histosols (WRB: Cyric Histosol), 
as defined by Arnalds (2004). 

Geitasandur has functioned as the focus of many soil and land reclamation studies. A 2012 
study (Áskelsdóttir, 2012) investigated established hayfields (nearly 50 years old) with 
varying amounts of nitrogen ammendments (50 kg N/ha and 120 kg N/ha) in order to 
assess the impacts of land use and management in terms of carbon stock and other soil 
properties. This study found that differences between treatments were significant in the top 
0-5 cm layers, with higher soil organic carbon in soils treated with 120 kg N/ha. The high 
content of C in the top layer and the low amounts in the bottom layers was hypothesized to 
be a result of low decomposition rates in the Geitasandur soils, where poor water holding 
capacity, coarsely textured soils, and low exposure to organic matter (OM) limited the 
prevalence of soil-churning fauna such as earthworms, as put forth by Gudmundsson et al. 
(2011). 

An ecological succession study carried about Aradottir et al. (2008) assessed vegetaion and 
soil development in younger, 7-year old, treatment plots. Plots were treated in the year 
2000 with varying combinations of fertilizer (inorganic fertilizer containing 50 kg N/ha, 27 
kg P2O5/ha, applied in 2000, 2001, 2003, and 2005), seeds (both grasses and legumes), and 
planted birches and willows, and studied in 2002, 2006, and 2007. This study concluded 
that treatments which included fertilization, both with and without additional seeding, were 
more effective than treatments without fertilizer application in terms of restored vegetation 
cover, diversity, and organic carbon. Additionally, this study found that the relationship 
between vegetation and soil properties was strongest in the top 0-5 cm layer but no 
significant relationships in the 5-10 cm layer. Arnalds et al. (2013) assessed C stocks and 
other properties in soils at the same site and under the same treatments as Aradottir et al. 
(2008). They found that C stocks and nitrogen (N) increased, and pHwater, and pHKCl were 
decreased in soils treated with grass and fertilizer, particularly in the top 5 cm of soil. In a 
relation to both of these studies, Tanner et al. (2015) also looked at the same site and 
treatments as both Aradottir et al. (2008) and Arnalds et al. (2013) in order to assess 
ongoing developments in vegetation and C stocks. They found that, since 2008, lupin-
seeded plots had established greater vegetation cover and SOC than the other treatments 
and control.  

These studies have provided crucial information for the reclamation of Vitrisols, but there 
has yet to be an in depth assessment comparing different fertilizer treatments, without 
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seeding, planting, or cultivation. Therefore, the aim of this study is to examine the 
effectivness of organic fertilizers in establishing vegetation, reducing erosion, and restoring 
soil properties. 

Two hypotheses were assessed within this study: 

1) Organic fertilizers will improve vegetation cover. 
2) Organic fertilizers will improve soil development. 

In order to test these hypotheses, this study compared the effects of different organic 
fertilizers (bone meal, sewage sludge, and chicken manure) against a control and chemical 
fertilizers (single- and triple applications). The specific objectives of this study were: 

1) To identify changes in vegetation cover against a control by analyzing vegetation 
cover (percentage cover, type of vegetation, and vegetation height). 

2) To compare changes in soil development against a control by analyzing the bulk 
density (BD) of the soils; water content (WC); percentage of organic matter (OM), 
carbon (C), and total nitrogen (N); pH in water (pHwater) and KCl (pHKCl); 
concentrations of nitrite (NO2-N), nitrate (NO3-N), and ammonium (NH4-N); and 
phosphorus (PO4-P) adsorption maximums. 

Objectives 1 and 2 compared fertilizer treatments against a control scenario, and tested 
Hypothesis 1 and 2. 
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2 Methods 
2.1 Experimental Site Description 
The experimental site in Geitasandur, south Iceland (63°47’27.7”N, 20°16’22.7”W, 
< 60 m.a.s.l.) (National Land Survey of Iceland, n.d.a.) was established in 2010 by the Soil 
Conservation Service of Iceland. Based on temperature data from weather stations in Hella 
(8 km from Geitasandur) and Sámsstaðir (15 km from Geitasandur) (IMO, n.d.a.) 
(Icelandic Meteorological Office, n.d.a.), during the years from 2010 to 2015 the average 
summer (June, July, August) temperatures was 11 °C, and the average winter (December, 
January, February) temperature was 0.4 °C. Spring (March, April, May) and autumn 
(September, November, October) averaged 4 °C and 5 °C, respectively. Precipitation data 
from the Sámsstaðir station was incomplete for the year 2013, but data from 2010-2012 
and 2014-2015 indicated that the warmer, summer months also had the least rainfall 
(monthly mean = 61 mm) and autumn and winter had higher precipitation (mean = 103 
mm and 90 mm, respectively). 

The Geitasandur site has five replicates (Table 2.1), each with fourteen different 5 x 20 m 
fertilizer treatment plots, totalling 70 plots. Different fertilizers were applied to randomly 
selected plots in each replicate. Six treatment types and three replicates were used in this 
research, totalling 18 plots. Treatments were selected for this study based on their observed 
effectiveness in establishing vegetation cover, and feasibility in large-scale application 
(personal communication, Magnús H. Jóhannsson, 2015). The first three replicates were 
selected due to time constraints and impending frost. Treatment plots received a single 
application of fertilizer equaling 50 kg N/ha, with the exception of the CH3 plots, which 
received subsequent applications in 2011 and 2012 (Table 2.1). In all cases fertilizer was 
applied to the surface but not raked or tilled into the soil. 

Table 2.1 Description of fertilizer treatments and total applied nutrients as of 2015. All fertilizers were 
applied in a single dose of 50 kg/ha in 2010; CH3 plots received additional singular amendments in 2011 
and 2012 (50 kg/ha each). 

    Total nutrients applied via fertilizer 
Treatment 
tag Treatment N 

(kg/ha) 
P  

(kg/ha) 
K  

(kg/ha) 
S  

(kg/ha) 

CON Control (untreated) 0 0.0 0.0 0.0 

BM Bone meal (organic, domestic) 50 21.1 4.1 2.8 

S Sewage sludge (organic, domestic) 50 39.6 10.1 60.5 

CM Chicken manure (organic, domestic) 50 14.7 56.0 8.8 

CH1 Single chemical appication (mineral, 
imported) 50 26.1 0.0 0.0 

CH3 Triple chemical application (mineral, 
imported) 150 78.3 0.0 0.0 
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The CH3 plots exist in a slightly different category than all of the other treatments, as it 
received three times the amount of N/ha and had continued application over more than one 
year. Therefore, it functions more as an example of the short-term soil development 
potential for degraded, sandy desert soils in Geitasandur. 

2.2 Vegetation measurements and soil sample 
collection 

Sampling took place from mid-September to mid-October 2015. Treatment plots were 
divided into 10 quadrants, and 5 quadrants were randomly selected for sampling in each 
plot. Within each sampling quadrant, the sampling location was derived from a randomly 
generated coordinate, and a 50 cm x 50 cm quadrat was placed to indicate the location of 
sampling. A 0.5 m buffer zone was maintained around the perimeter of each plot. 

Vegetation analysis took place within the randomly placed quadrat. Vegetation height was 
measured by random placement of a ruler in ten different spots within each sampling 
quadrat, totalling 50 measurement points per treatment plot. The mean of these values were 
determined prior to analysis, and used as the average vegetation height of the treatment 
plot. Vegetation was assessed using the Braun-Blanquet scale (Braun-Blanquet et al., 
1932) (Table 2.2). Total cover of bare land was assessed first, and then vegetation cover 
was broken down into four categories: forbs and grasses, and mosses and lichens. The 
median percentage cover was averaged before analysis, and used as the average vegetation 
cover of the treatment plot. 

Table 2.2 Vegetation types, cover scale, and median values used in assessment of vegetation cover. 

Vegetation cover parameter   Braun-Blanquet cover scale 

Bare soil   > 0 - 0.5 % = 0.25 

Grasses  > 0.5 - 1 % = 0.75 

Forbs  > 1 - 5 % = 3 

Mosses  > 5 - 25 % = 15 

Lichens  > 25 - 50 % = 37.5 

  > 50 - 75 % = 87.5 

  > 75 - 100 % = 87.5 

    0 = no cover 

 

Soil samples were obtained using an auger with a 4.7 cm diameter. Each composite sample 
comprised of two soil cores from each quadrant, and was pooled into root mat, 0-5 cm, 5-
10 cm, and 10-20 cm layers. Due to the negligble amount of roots from all treatment plots, 
the “root mat” was effectively the top 5 mm, of the soil core. 

For bulk density sampling one randomly selected quadrant was chosen. A 30 x 20 x 25 cm 
hole was dug out so that a rectangular BD sampler (3.1 cm x 1.5 cm x 3.1 cm) could be 
applied at a perpendicular angle to the verticle soil profile. Three replicates were pooled 
into 0-5 cm, 5-10 cm, and 10-20 cm layers respectively. All soils were kept moist in sealed 
plastic bags at 4 °C prior to analysis. 
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2.3 Soil Measurements 
2.3.1 Preparation of soil samples and analysis of chemical and 

physical properties 

A portion of the  soil was kept moist for analysis of physical properties: structure, 
consistency, texture  and roots (Schoeneberger et al., 2002) and soil colour  using a 
Munsell color chart. Colors were assessed first by hue, then by value (range was dependent 
on hue, but typically ranged from 2 at the darkest to 8 at the lightest), and chroma (range 
was also dependent on hue, but typically ranged from from 1 at the dullest to 8 at the 
brightest). Soil samples were air-dried and passed through a 2 mm sieve for chemical 
analysis. 

Fine fractions were weighed and subsampled for soil analysis – 100 g were 
representatively subsampled by coning and quatering –  for pH, concentrations of NO2-N, 
NO3-N, and NH4-N, as well as P-sorption analysis, and another 15 g were quantitately 
subsampled, crushed in a ball mill, and passed through a 150 µm sieve for carbon-nitrogen 
(CN) analysis. 

Soil that had been crushed in a ball mill and passed through a 150 µm sieve were dried at 
50 °C for 16 hours. An aliquot of sample (80-100 mg) was placed into compacted tin 
crucibles for dry combustion elemental analysis (Thermo Scientifc Flash 2000 CN 
Elemental Analyzer, Thermo Scientific, Italy). Soil reference material was included to 
ensure consistency and validity of results. 

The BD samples were weighed wet, and dried at 105 °C for >24 hours, weighed dry, and 
passed through a 2 mm sieve. The difference between the wet soil weight and the dry soil 
weight was divided by the corer volume to determine the soil water content (WC),  The >2 
mm (coarse) fractions were weighed and measured for volume via water displacement. The 
difference between the dry BD sample weight and the coarse fraction weight was divided 
by the difference between the corer volume and the coarse fragment volume to determine 
the soil BD. 

The <2 mm (fine) fraction was weighed and homogenized, and an aliquot (2 g ± .05) was 
distributed into crucibles for combustion in a furnace at 550 °C for 5 hours, to allow for 
full ignition. The difference in weight, or loss on ignition (LOI), determined the percentage 
of organic and inorganic matter. Each sample was analyzed in duplicate. 

Soil pH was measured in deionized H2O, to assess soil acidity (Burt, 2014), with a 
soil:water ratio of 1:10 in duplicate. Prior to pH measurement, samples were shaken in a 
vibrational shaker for one hour. Soil pH was also measured in a 1 M KCl solution, in order 
to test for acidity in the form of aluminum (Burt, 2014), with a soil:solution ratio of 1:10. 
Samples in KCl were shaken using a reciprocal shaker at 160 RPM for one hour at room 
temperature, prior to measurement.. 

2.3.2 Analysis of soil nutrients 

Soil extractions, to determine nitrite (NO2-N), nitrate (NO3-N) and ammonium (NH4-N), 
were made in a 1 M KCl solution using a soil:solution ratio of 1:10. Samples were shaken 
in a reciprocal shaker at 160 RPM for one hour at room temperature, and then filtered 
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through Whatman ashless grade 42 filter paper (Kachurina et al., 2000). The resulting 
sample solution was analyzed within 1-2 hours of extraction, and kept refrigerated in 
between subsequent analyses for a maximum of 48 hours in total. 

Nitrate (NO3-N) concentrations were measured by reducing NO3-N to NO2-N (Shand et al., 
2008) followed by colorimetric reaction with Greiss reagent and measuring the absorbance 
using a spectrophotometer (ThermoScientific Genesys 10S UV-vis spectrophotometer, 
USA) at 540 nm (Sparks, 1996).  The NO2-N analysis was carried out but the same method 
but did not require a reduction step. NH4-N concentrations were determined by measuring 
absorbance at 630 nm (Galvao et al., 2014). 

The P-sorption maximum was determined utilizing the Graetz and Nair (2000) method also 
utilized by Gudmundsson et al. (2014) on Icelandic soils. Only the top 5 cm of soil was 
analyzed for P sorption, as the fertilizers were only added to the surface of the soil and 
differing amounts of fertilizer were not found to affect P sorption capacity below the top 
5 cm (Gudmundsson et al., 2014). Soil was placed into a 50 ml tube with .01 M CaCl2 
containing a known amount of P concentrations (0, 0.6, 1, 2, 4, 50, 100, 200, and 
400 mg P/L) with a soil:solution ratio of 1:10. Two method blanks and three reagent blanks 
were included for each concentration of P to ensure method and reagent validity. Two 
drops of chloroform were added to the tubes in order to prevent microbial activity. The 
tubes were shaken in a reciprocal shaker at room temperature for 24 hours at 160 RPM. 
After shaking, samples were centrifuged at 5000 RPM for 20 minutes, and 
P concentratations were then determined spectrophotometrically at an absorbance of 
880 nm (ThermoScientific Genesys 10S UV-vis spectrophotometer, USA) after reaction 
with using using molybdenum blue complex formation according to Murphy and Riley 
(1962). 

The difference between P added and P remaining in the solution (C) after shaking was used 
to determine the amount of P sorbed by the soil (x). The Langmuir equation was utilized to 
determine the P sorption maximum (b) (Mehdi et al., 2007; Gudmundsson et al., 2014). 
The form of the Langmuir equation utilized is written as: 

(C/x) = (1/kb) + (C/b); where 

  x = amount of P (mg) sorbed per g soil 

  C = Concentration of P (mg/L) in equilibrium solution 

  k = affinity coefficient, or the bonding energy 

  b = sorption maximum (mg P/kg soil) 

The P-sorption maximum was obtained my plotting C/x vs. C, in which the slope of the 
line is equal to 1/b and the y-intercept is equal to 1/kb. 

2.4 Statistical Analysis 
The data were analyzed using SigmaPlot version 12.5 (Systat software, Inc., San Jose 
California, USA). Analysis of variance was applied to determine whether treatments had 
significant effects, and the Tukey’s test (Tukey’s HSD D = 0.05) was used to determine 
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whether treatment means for each variable varied significantly from each other. All 
percentage data were square-root transformed, and pH values were log transformed before 
analysis, in order to conform with the assumption of parametric data analysis. In cases 
where residuals were non-normal, and/or when variances were not equal (before or after 
transformation), an analysis of variance on ranks was performed by the Kruskal-Wallis 
test, and the Dunn’s multiple comparison test for non-parametric data was performed in 
order to determine whether treatment means for each variable varied significantly from 
each other. To test for correlations between variables, a Spearman rank test was 
performed and significance determined for correlation coefficients that had a p-value less 
than an D-value of 0.01; this conservative value was chosen due to the many variables 
being tested at once. 
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3 Results 
3.1 Vegetation 
Vegetation in the Geitasandur was generally sparse, with bare soil comprising 45% of the 
plots at its lowest (in the CH3 treatments), and up to 92% at its highest (in the CON 
treatments) (Table 3.1). Vegetation cover was primarily in the form of mosses (20%), and 
the height of vegetation was quite low, reaching up to 2.4 cm in the tallest plots (CH3) 
(Table 3.1), though the median height was 1.4 cm. 

The amount of bare soil was significantly affected by fertilizer treatment (Table 3.2), and 
CH3 plots had significantly less bare soil than CON plots (Dunn’s, p < 0.05) (Figure 3-1). 
Both mosses and lichens were significantly affected by fertilizer treatment (Table 3.2), and 
in both cases CH3 plots had significantly more cover than CON plots (Tukey, p = 0.003 
and 0.011, respectively) (Figure 3-2, Table 3.1). Although moss and lichen cover on BM 
plots appeared higher than CON plots (Figure 3-2, Table 3.1), there were no statistically 
significant differences; but the low Tukey p-values (p = 0.058 for moss cover and 0.052 for 
lichen cover) could indicate a trend. Neither grasses nor forbs were significantly affected 
by fertilizer treatment (Table 3.2).   

Fertilizer treatment had a significant effect on vegetation height (Table 3.2), and CH3 plots 
had taller vegetation than CON, CH1, and S plots (Tukey, p = 0.001, 0.029, and 0.031, 
respectively) (Table 3.1). Althought BM and S plots did not have significantly taller 
vegetation than CON plots Both BM and S plots had taller vegetation than CON plots, the 
low p-values between BM and CON plots (Tukey, p = .067), and between S and CON 
plots (Tukey, p = 0.098) were close to significant, and indicate possible trends towards 
taller vegetation under these treatments. Vegetation height, moss cover, and lichen cover 
were all negatively correlated with bare soil (Table 3.3), indicating that moss and lichen 
development contriute most to height. 
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Table 3.1 Average vegetation height and cover by treatment (standard deviation) on original non-transformed data; n = 3.  

Treatment 
Vegetation 

height 
(cm) 

  Bare soil      
(%)   Grass          

(%)   Forbs      
(%)   Mosses          

(%)   Lichens           
(%) 

CON 0.6 (0.5)   92.0 (6.2)   4.7 (4.6)   1.7 (0.6)   2.7 (2.1)   0.7 (0.6) 

BM 1.6 (0.1)   65.0 (13.2)   5.0 (0.0)   3.0 (1.7)   25.0 (13.2)   3.0 (1.7) 

S 1.5 (0.3)   80.0 (5.0)   10.0 (0.0)   3.0 (1.7)   11.7 (5.8)   1.7 (0.6) 

CM 1.2 (0.3)   70.0 (10.0)   6.7 (2.9)   4.0 (1.7)   18.3 (10.4)   2.0 (0.0) 

CH1 1.2 (0.1)   70.0 (10.0)   7.3 (4.6)   4.0 (1.7)   21.7 (11.5)   2.0 (0.0) 

CH3 2.4 (0.7)   40.0 (20.0)   15.0 (8.7)   5.0 (0.0)   45.0 (22.9)   4.0 (1.7) 

 
                  

Table 3.2 Significance of treatment effects on vegetation parameters between all treatments; n = 18. 

Treatment P-Value 
 Vegetation height 0.003a 
 Bare soil 0.029b 
 Grasses > 0.05c 
 Forbs > 0.05c 
 Mosses 0.007c 
 Lichens 0.021c 
 a Non-transformed, ANOVA 

 b Square root transformation, Kruskal-Wallis 
c Square root transformation, ANOVA 
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Figure 3-1 Mean cover of bare soil (± SE) in six fertilizer treatments at Geitasandur, South Iceland in 2015. 
Different letters indicate significant differences among treatments based on outcomes of a Kruskal-Wallis 
analysis of variance on ranks on square root transformed data and a Dunn‘s test on treatment means. 

 

  

Figure 3-2 Mean cover of a) mosses and b) lichens (± SE) in six fertilizer treatments at Geitasandur, South 
Iceland in 2015. Different letters indicate significant differences among treatments based on outcomes of an 
analysis of variance on square root transformed data and a Tukey´s test on treatment means. 

 

 

 

 

 

 

a) b) 
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Table 3.3 Spearman correlation coefficients between vegetation parameters; n = 18. 

  
Vegetation 

height Bare soil Grasses Forbs Mosses Lichens 

Vegetation 
height       

Bare soil -0.756*           

Grasses 0.507 -0.471        

Forbs 0.355 -0.429 0.566       

Mosses 0.726* -0.973* 0.472 0.370     

Lichens 0.793* -0.880* 0.334 0.337 0.872*   

Note: * p < 0.01 

3.2 Soil Morphology 
In general the soils in Geitasandur had poor structure and did not display notable 
differences by treatment (Appendix 1). In terms of grade, size, and type, all of the 
treatments were primarily weak, fine, and subangular blocky. Across all treatments there 
were instances of structureless or moderate, very fine or medium, and granular soils, but 
they did not appear with enough frequency to indicate a trend. 

There were some differences in morphology between depth layers, most noticeably 
between the top 0-10 cm layers and the bottom 10-20 cm layer. In the top 0-5 layer, soils 
were primarily weak, fine, and subangular blocky; the same was true of the 5-10 cm layer, 
although in this layer there was a greater prevalence of very fine aggregates (Appendix 1). 
The 10-20 cm layer was less consistent, with less clear descriptive majorities. This layer 
showed more structureless, weak, and moderate soils of very fine, fine, and moderate size. 
It appeared that the top 0-10 cm layers were more developed than the bottom 10-20 cm. 

The Geitasandur soils were mostly very friable across all treatments; there was no notable 
difference between treatment types in terms of consistency (Appendix 1). Across all 
treatments, the top 0-5 cm layer of the soils were mostly very friable, the 5-10 cm layer 
was primarily friable, and the bottom 10-20 cm layer consisted primarily of loose soil. 
Texture did not appear to vary based on treatment type (data not shown). Most of the soils 
were loamy sand. In the 0-5 cm layer, the soils ranged between loamy sand and sandy 
loam. The 5-10 cm layer ranged primarily between sand and sandy loam, indicating a trend 
towards sandier soils. In the 10-20 cm layer, the majority of soils were sand or loamy sand. 
No soils were classified as sandy loam or loam in this layer. All of the soils at all depths 
were dark colored, and the majority of the soils fell within the 10YR Munsell hue. Within 
all hues, soils were of a dark value, ranging from 1 to 3, and dull chroma, ranging from 1 
to 4. There was no apparent difference between depths or treatments. 
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3.3 Soil physical and chemical properties  
Soil BD ranged from 1.17 g/cm3 to 1.50 g/cm3 (mean = 1.33 g/cm3), the loss on ignition 
percentage (LOI%) ranged from 1.7% to 3.0% (mean = 2.21%), and total carbon content 
(C%) ranged from 0.09% to 0.35% (mean = 0.21%) (Table 3.4). In the 0-5 and 10-20 cm 
layers BD was not significantly different between treatment types (Table 3.5), but in the 5-
10 cm layer ANOVA indicated signficance (p = 0.041). Despite this, the post-hoc Tukey 
test found no significant differences between fertilizer pairs, though CH3 showed a non-
significant trend towards less dense soils against the CON plots (Tukey, p = 0.066) 
(Table 3.4). The BD in the 0-5 and 5-10 cm layer displayed negative correlation 
with  mosses and lichens and had a positive correlation with bare soil (Table 3.6, Table 
3.7). There was also a negative correlation between vegetation height and BD within the 5-
10 cm layer (Table 3.7). 

Table 3.4 Average bulk density, LOI%, C%, N% and C:N ratios by depth (standard deviation); n = 3. 

Treatment Depth Bulk density 
(g/cm3) LOI % C % N % C:N Water 

content % 

CON 0-5 1.46 (0.06) 2.08 (0.70) 0.25 (0.02) 0.02 (0.002) 12.00 (0.33) 27.65 (8.32) 

  5-10 1.50 (0.09) 2.15 (0.45) 0.24 (0.03) 0.02 (0.002) 12.65 (0.14) 26.43 (5.96) 

  10-20 1.21 (0.16) 1.74 (0.99) 0.12 (0.08) 0.01 (0.008) 13.12 (0.61) 18.58 (6.28) 

BM 0-5 1.28 (0.11) 1.85 (0.92) 0.24 (0.03) 0.02 (0.004) 13.43 (0.11) 21.67 (6.40) 

  5-10 1.25 (0.14) 3.02 (0.63) 0.27 (0.07) 0.02 (0.006) 13.08 (0.14) 29.63 (5.06) 

  10-20 1.34 (0.14) 1.70 (0.39) 0.12 (0.05) 0.01 (0.004) 13.91 (0.77) 18.56 (3.34) 

S 0-5 1.47 (0.15) 2.10 (0.69) 0.25 (0.06) 0.02 (0.006) 13.13 (0.56) 24.71 (2.49) 

  5-10 1.32 (0.13) 2.39 (0.86) 0.22 (0.06) 0.02 (0.005) 13.09 (0.10) 23.98 (2.71) 

  10-20 1.29 (0.23) 1.87 (0.61) 0.09 (0.05) 0.01 (0.004) 14.02 (0.73) 20.41 (4.67) 

CM 0-5 1.39 (0.12) 1.91 (0.72) 0.25 (0.04) 0.02 (0.003) 12.67 (0.46) 26.39 (7.09) 

  5-10 1.48 (0.12) 2.85 (1.07) 0.24 (0.02) 0.02 (0.001) 12.86 (0.18) 30.23 (5.38) 

  10-20 1.38 (0.07) 1.81 (0.58) 0.11 (0.02) 0.01 (0.002) 14.47 (0.79) 20.57 (4.26) 

CH1 0-5 1.36 (0.11) 1.78 (0.61) 0.25 (0.02) 0.02 (0.002) 13.12 (0.45) 23.83 (6.63) 

  5-10 1.39 (0.06) 2.93 (0.32) 0.28 (0.04) 0.02 (0.004) 12.59 (0.28) 30.59 (1.75) 

  10-20 1.21 (0.29) 2.52 (1.23) 0.14 (0.09) 0.01 (0.007) 12.65 (0.63) 21.14 (1.00) 

CH3 0-5 1.17 (0.12) 1.94 (0.21) 0.35 (0.08) 0.03 (0.006) 14.30 (1.01) 23.90 (6.58) 

  5-10 1.18 (0.15) 2.60 (0.58) 0.29 (0.06) 0.02 (0.005) 13.44 (0.29) 28.10 (6.85) 

  10-20 1.32 (0.27) 2.63 (0.71) 0.09 (0.04) 0.01 (0.003) 14.88 (1.64) 25.46 (4.10) 
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Although WC, LOI% and C% did not show significant differences between treatment types 
at any depth (Table 3.5), there were significant differences between sampling depths 
(Table 3.5). The WC in the 5-10 cm layer was significantly higher than in the 10-20 cm 
layer (Tukey, p < 0.001), and this layer also had a signficiantly higher LOI% than both the 
0-5 cm and 10-20 cm layer (Tukey, p = 0.015 and 0.035, respectively) (Figure 3-3, 
Table 3.4), and the 10-20 cm layer had a significantly lower C% than the 0-5 and 5-10 cm 
layers (p < 0.001, each) (Figure 3-4, Table 3.4). Soil BD and C% were negatively 
correlated in the top 0-5 (Table 3.6), but neither property exhibited any correlation with 
LOI%, although LOI% was positively correlated with WC at every depth. Curiously, forbs 
had a positive correlation with LOI% in the bottom 10-20 cm layer (Table 3.8), though due 
to the low prevalence of forbs on any of the plots (maximum = 5%) (Table 3.1) it is likely 
that this is an erroneous significance. 

Table 3.5 Significance of difference in physical and chemical properties between treatments at sampling 
depths, and between sampling depths; n = 18. 

    P-Value 

    0-5 cm 5-10 cm 10-20 cm Between depths 

Bulk density   > 0.05a 0.041a > 0.05a > 0.05a 

Water content %  > 0.05b > 0.05b > 0.05b < 0.001b 

LOI%  > 0.05b > 0.05b > 0.05b 0.010b 

C%  > 0.05b > 0.05b > 0.05b < 0.001b 

N%  > 0.05b > 0.05b > 0.05b < 0.001b 

pHwater  0.039c > 0.05d 0.006d < 0.001d 

pHKCl  0.047c < 0.001c > 0.05d < 0.001d 

NH4-N  > 0.05a > 0.05a > 0.05a < 0.001a 

P-sorption max   > 0.05a - - - 
a Non-transformed, ANOVA 

    b Square root transformed, ANOVA 
   c Log transformed, ANOVA 

    d Log transformed, Kruskal-Wallis 
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Table 3.6 Spearman correlation coefficient between parameters in the 0-5 cm layer; n = 18. 

  BD Water 
content LOI% C% N% NH4-N pHwater pHKCl 

BD         
Water 
content  0.344        
LOI% 0.222 0.872*       

C% -0.637* 0.115 0.176      
N% -0.447 0.152 0.137 0.893*     

NH4-N -0.748* -0.307 -0.199 0.333 0.276    
pHwater -0.523 0.046 0.112 0.633* 0.424 0.207   
pHKCl 0.227 -0.062 -0.097 -0.057 0.037 -0.354 -0.437  

Vegetation 
height -0.585 0.793 -0.031 0.345 0.084 0.502 0.443 -0.316 

Bare soil 0.750* 0.299 0.234 -0.354 -0.174 -0.612* -0.498 0.527 

Grasses -0.193 -0.080 -0.017 0.223 0.117 -0.021 0.417 -0.368 

Forbs -0.324 -0.197 -0.137 0.047 -0.105 0.164 0.472 -0.430 

Mosses -0.787* -0.342 -0.236 0.433 0.262 0.665* 0.541 -0.543 

Lichens -0.681* -0.235 -0.209 0.428 0.303 0.596* 0.473 -0.436 

Note: * p < 0.01 
 

 

Figure 3-3 Mean loss on ignition (LOI) 
percentage by soil depth (0-5cm, 5-10cm and 
10-20cm) in six fertilizer treatments. 
Standard errors and results from an analysis 
of variance are presented in tables 3.4 and 
3.5, respectively. 

 

 

 

      

 

 

Figure 3-4 Mean Carbon (C) percentage by 
soil depth (0-5cm, 5-10cm and 10-20cm) in 
six fertilizer treatments. Standard errors and 
results from an analysis of variance are 
presented in tables 3.4 and 3.5, respectively. 
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Total nitrogen (N%) ranged from 0.01% to 0.03% (mean = 0.02%) (Table 3.4). Total N% 
was not significantly affected by treatment type at any depth of the soil, but it was affected 
by the sampling layer depth (Table 3.5). In the 10-20 cm layer the soils had 
significantly lower N% than both the 0-5 and 5-10 cm layers (Tukey, p < 0.001, each) 
(Figure 3-5,Table 3.4). Total N% had a positive correlation with C% at all of the sampling 
depths (Table 3.6, Table 3.7, Table 3.8). The CN ratio was significantly affected by 
fertilizer treatment in both the 0-5 and 5-10 cm layers (ANOVA, p = 0.036 and 0.002, 
respectively). In both layers the CH3 plots had  significantly higher CN ratios than CON 
plots (Tukey, p = 0.019 and 0.002, respectively) (Table 3.4).  

Table 3.7 Spearman correlation coefficient between parameters in the 5-10 cm layer; n = 18. 

  BD Water 
content LOI% C% N% NH4-N pHwater pHKCl 

BD         
Water 
content 0.201        
LOI% 0.049 0.732*       

C% -0.556 0.276 0.230      
N% -0.503 0.298 0.253 0.986*     

NH4-N -0.465 -0.203 -0.243 0.261 0.179    
pHwater -0.367 0.284 0.204 0.491 0.442 0.158   
pHKCl 0.582 0.065 0.075 -0.162 -0.088 -0.319 -0.337  

Vegetation 
height -0.767* 0.012 0.094 0.464 0.360 0.551 0.543 -0.531 

Bare soil 0.710* 0.056 -0.056 -0.486 -0.437 -0.217 -0.687* 0.406 

Grasses -0.426 -0.258 -0.041 0.131 0.066 0.301 0.463 -0.642* 

Forbs -0.144 0.380 0.559 -0.016 -0.056 -0.154 0.553 -0.334 

Mosses -0.736* -0.131 0.005 0.489 0.447 0.209 0.591* -0.468 

Lichens -0.712* -0.004 0.004 0.369 0.332 0.266 0.529 -0.391 

Note: * p < 0.01        
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Table 3.8 Spearman correlation coefficient between parameters in the 10-20 cm layer; n = 18. 

  BD Water 
content LOI% C% N% NH4-N pHwater pHKCl 

BD         
Water 
content 0.220        
LOI% -0.341 0.810*       

C% -0.166 0.077 0.273      
N% -0.189 0.100 0.255 0.990*     

NH4-N -0.909 0.960 0.035 0.346 0.366    
pHwater -0.077 0.233 0.294 0.94 0.102 0.068   
pHKCl -0.198 -0.643 -0.688* 0.041 0.053 0.088 -0.571  

Vegetation 
height 0.084 0.089 0.145 0.034 0.019 0.340 -0.056 -0.103 

Bare soil 0.389 -0.146 -0.361 -0,227 -0.181 -0.413 -0.249 0.244 

Grasses 0.209 0.245 0.292 -0,071 -0.102 -0.081 0.235 -0.342 

Forbs 0.452 0.551 0.600* -0.024 -0.074 -0.015 0.290 -0.676* 

Mosses -0.106 0.132 0.404 0.187 0.144 0.292 0.269 -0.224 

Lichens -0.048 -0.027 0.110 -0.011 -0.048 0.392 0.152 -0.067 

Note: * p < 0.01        
 

 

Figure 3-5 Mean Nitrogen (N) percentage by soil depth (0-5cm, 5-10cm and 10-20cm) in six fertilizer 
treatments. Standard errors and results from an analysis of variance are presented in tables 3.4 and 3.5, 
respectively. 

In the top 0-5 cm layer, fertilizer treatment exhibited signficant effects on pHwater based on 
ANOVA (Table 3.5), but upon analysis under the post-hoc Tukey test there was no 
signficant difference in any treatment comparisons. Nonetheless, the low p-value between 
CH3 and CON treatments (Tukey, p = 0.05) comes very close to being significant, 
indicating a trend of higher pHwater in CH3 treated plots (Table 3.9).  The 5-10 cm layer saw 
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no significant effect on pHwater under fertilizer treatment (Table 3.5), and although there 
were significant effects in the 10-20 cm layer (Table 3.5), there were no 
significant differences in comparison with the CON plots. The pHwater was affected by 
depth (Figure 3-6, Table 3.5): the 0-5 cm layer was more acidic than the 5-10 or 10-20 cm 
layers (Dunn’s, p < 0.001, each). 

Table 3.9 Average pHwater and pHKCl  by depth (standard deviation); n = 3. 

Treatment Depth pHwater pHKCl 

CON 0-5 6.34 (0.09) 5.34 (0.15) 
  5-10 6.47 (0.17) 5.50 (0.02) 

  10-20 6.75 (0.06) 5.58 (0.03) 
BM 0-5 6.38 (0.13) 5.26 (0.08) 
  5-10 6.62 (0.04) 5.46 (0.05) 
  10-20 6.58 (0.06) 5.62 (0.04) 
S 0-5 6.44 (0.22) 5.22 (0.07) 
  5-10 6.62 (0.03) 5.35 (0.04) 
  10-20 6.67 (0.03) 5.56 (0.13) 
CM 0-5 6.51 (0.17) 5.21 (0.06) 
  5-10 6.97 (0.15) 5.47 (0.07) 
  10-20 6.78 (0.04) 5.56 (0.03) 
CH1 0-5 6.62 (0.12) 5.11 (0.04) 
  5-10 6.79 (0.57) 5.37 (0.03) 
  10-20 7.53 (0.40) 5.53 (0.05) 
CH3 0-5 6.71 (0.03) 5.13 (0.04) 
  5-10 7.29 (0.17) 5.32 (0.0) 
  10-20 6.96 (0.07) 5.45 (0.05) 
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Figure 3-6 Mean pHwater by soil depth (0-5cm, 5-10cm and 10-20cm) in six fertilizer treatments. Results from 
analysis of variance and standard errors are presented in tables 3.5 and 3.9, respectively. 

Fertilizer treatment had a significant effect on pHKCl in the 0-5 cm layer of soil (Table 3.5), 
where CH1 plots had a lower pH than CON plots (Tukey, p = 0.047) (Table 3.9), and a low 
but insignificant p-value between CH3 and CON plots (Tukey, p = 0.07) could indicate a 
trend towards a lower pHKCl in CH3 than CON plots (Table 3.9). The significance of 
fertilizer treatment follows into the 5-10 cm layer (Table 3.5), where CH3, S, and CH1 
treatments are all more acidic than CON plots (Tukey, p = 0.002, 0.006, and 0.023, 
respectively) (Table 3.9). In the 10-20 cm layer there were no signficant differences 
between fertilizer treatments (Table 3.5). The pHKCl was affected by depth (Figure 3-7, 
Table 3.5), and the acidity decreased with depth: the 10-20 cm had a higher pHKCl than both 
upper layers, and the 5-10 cm layer had a higher pHKCl than the 0-5 cm layer (Dunn’s, 
p < 0.001, each). In the 5-10 cm layer pHwater had a negative correlation with bare soil and a 
positive correlation with mosses (Table 3.7), whereas pHKCl had a negative correlation with 
grass cover at this depth (Table 3.7). 
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Figure 3-7 Mean pHKCl by soil depth (0-5cm, 5-10cm and 10-20cm) in six fertilizer treatments. Results from 
analysis of variance and standard errors are presented in tables 3.5 and 3.9, respectively. 
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3.4 Nitrite (NO2-N), Nitrate (NO3-N), Ammonium 
(NH4-N) and Phosphorus Availability 

Ammonium concentrations ranged from 0.03 mg NH4-N/kg soil to 0.5 mg NH4-N/kg soil 
(mean = 0.20 mg NH4-N/kg soil) (Table 3.10). Nitrite and nitrate concentrations were 
below the limit of detection (LOD = 0.03 mg NO2-N/kg soil and 0.69 mg NO3-N/kg soil), 
so their precise concentrations are unknown and negligible (Table 3.10). 

Table 3.10 Average ammonium (NH4-N), nitrite (NO2-N), nitrate (NO3-N), and P-sorption maximum by 
depth, with standard deviation in parentheses; n = 3. 

Treatment Depth mg NH4-N 
per kg soil 

mg NO2-N 
per kg soil 

mg NO3-N 
per kg soil 

P-sorption 
maximum 
(mg PO4-P/g 
soil) 

CON 0-5 0.25 (0.11) <0.03 <0.69 2.52 (0.09) 

  5-10 0.19 (0.09) <.0.03 <0.69 - - 

  10-20 0.08 (0.04) <.0.03 <0.69 - - 

BM 0-5 0.41 (0.07) <0.03 <0.69 2.54 (0.08) 

  5-10 0.23 (0.06) <0.03 <0.69 - - 

  10-20 0.11 (0.07) <0.03 <0.69 - - 

S 0-5 0.25 (0.06) <.0.03 <0.69 2.65 (0.21) 

  5-10 0.20 (0.14) <.0.03 <0.69 - - 

  10-20 0.03 (0.03) <.0.03 <0.69 - - 

CM 0-5 0.24 (0.10) <0.03 <0.69 2.55 (0.09) 

  5-10 0.12 (0.07) <0.03 <0.69 - - 

  10-20 0.10 (0.10) <0.03 <0.69 - - 

CH1 0-5 0.32 (0.07) <.0.03 <0.69 2.57 (0.12) 

  5-10 0.13 (0.06) <.0.03 <0.69 - - 

  10-20 0.05 (0.05) <.0.03 <0.69 - - 

CH3 0-5 0.50 (0.17) <0.03 <0.69 2.54 (0.19) 

  5-10 0.25 (0.04) <0.03 <0.69 - - 

  10-20 0.14 (0.06) <0.03 <0.69 - - 
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When NH4-N concentrations were analyzed at all combined depths, there was a significant 
difference between treatments (ANOVA, p = 0.003): CH3 plots had a significantly higher 
NH4-N concentrations than CON plots (Tukey, p = 0.036), as well as CM, S, and CH1 
plots (Tukey, p = 0.012, 0.022, 0.029, respectively) (Table 3.10). However, when the soils 
were broken down into sampling depths, there was no significant difference between 
treatment types at any of the individual depths (Table 3.5). Nonetheless, NH4-N 
concentrations were significantly different by depth (Table 3.5). In the 0-5 cm layer, NH4-
N concentrations were significantly higher than both the 5-10 and 10-20 cm layers (Tukey, 
p <0.001, each), and the 5-10 cm layer was significantly higher than the 10-20 cm layer 
(Tukey, p = 0.002) (Table 3.10). NH4-N in the top 0-5 layer had positive correlations with 
mosses and lichens, and a negative correlation with bare soil (Table 3.6). Additionally, 
NH4-N was negatively correlated with BD in this top layer (Table 3.6) 

There was no detectable available phosphorus (calcium chloride-extractable) in the 0-5cm 
layer of the Geitasandur soils (concentrations < 0.012 mg PO4-P/L). After adding 0.6, 1.0, 
2.0, 4.0, 50, or 100 mg PO4-P/L, no available phosphorus was found in the soils of any 
treatment. After the addition of 200 and 400 mg P/L an average amount of 44.7 and 132.5 
mg P/L were available, respectively. This data was used to calculate the maximum 
phosphorus adsorption using the Langmuir adsorption isotherm.  The calculated maximum 
phosphorus adsorptions did not differ significantly by treatment type (Table 3.5), and had a 
mean value of 2.56 mg P/g soil (Table 3.10). 
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4 Discussion 
4.1 Vegetation Development 
Vegetation development in the Geitasandur treatment plots followed similar trends as those 
observed by Cutler et al. (2008) who found that moss (and to a lesser extent, lichen) on 
newly formed lava flows from Mt. Hekla would establish itself in isolated locations, and 
after enough time, spread and coalesce, reaching a maximum after ~26 years. In a 9-year 
period Cutler et al. (2008) saw moss coverage increase from 11% to 69%. Fittingly, after 
five years the moss coverage on the treated Geitasandur plots sits between 11% and 45%. 
The findings of Cutler et al. (2008; 2014) indicated that moss nucleation is a significant 
element in ecosystem development on newly exposed soils from lava flows, though these 
developments are not guaranteed: although changes in soil properties, such as organic 
matter, nitrogen content, and soil acidity typically accompany changes in vegetation 
(Walker and del Moral, 2008), a later study by Cutler et al. (2014) saw little notable 
change in soil properties following succession. Vilmundardóttir et al. (2015) researched 
soil carbon accretion in newly exposed, 8-, 65-, and 120-year Icelandic glacial moraines, 
and observed moss cover that was comparatively low to values observed in the present 
study (2.3%, 39.7%, and 37.7%, respectively). As succession in eroded landscapes is 
expected to be much slower than that within newly exposed soils (e.g. lava flows and 
glacial moraines) (Gretarsdottir et al., 2004), due to the high vulnlerability of degraded 
soils to erosive forces (Arnalds, Thorarinsdottir, et al., 2001; Hannam, 2001), the 
establishment of mosses in the treated Geitasandur plots show promise: it is possible that 
the fertilizer has jump-started vegetaion cover in these plots, and could continue to provide 
soil protection.  

Although Cutler et al. (2008; 2014) were studying succession on new soils, these trends 
could be true for older, degraded soils as well. Gretarsdottir et al. (2004) looked into 
succession in degraded Icelandic soils (Gunnarsholt, south Iceland, 8.59 km from 
Geitasandur) that had been treated with seeds and fertilizers ~40 years prior, and found that 
seeded and fertilized plots had significantly higher amounts of vegetation than control 
plots. Although seeding of grasses helped intitiate vegetation cover, by the time of the 
Gretarsdottier et al. (2004) study only 2% of grass species remained, and herbs and mosses 
made up the majority of vegetation, indicating the facilitative effect of grass seeding and 
fertilization in establishing native vegetation. Their estimated pattern of succession was as 
such: high grass cover after 2 years, low grass and high native herb cover after 10 years, 
and high native vegetation cover after 20 years. While the present study was assessing 
neither new soils (as in Cutler et al., 2008; 2014; Vilmundaróttir et al., 2015) or long-term 
effects of seeding (Gretarsdottir et al., 2004), the overlap between these aforementioned 
studies provides insight into the possible succession of the Geitasandur soils following the 
initial nutrient inputs. The expanding moss coverage, as seen in the CH3 treatments of the 
present study, could  expand over the next 20 years, providing soil protection against 
erosive forces until soil can develop, and/or higher plants can begin colonizing, as 
hypothesized by Gretarsdottir et al. (2004). 

High levels of vegetation help to reduce future instances of erosion, and the CH3 
treatments show improvement over the control scenario, indicating the potential to improve 
ground cover in these deserted areas. Inorganic fertilizers in Icelandic sandy gravel soil 
have been shown to be very effective in the first 2-3 years of treatments, exhibiting 
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grasses, herbs, and flowering plants, though eventually the vegetation cover slows to pre-
fertilizer levels (Gunnlaugsdóttir, 1985). This has been demonstrated within the 
Geitasandur treatments, where the most recent applications of inorganic fertilizer (CH3) 
still had higher levels of vegetation, as opposed to the inorganic application from 5 years 
ago (CH1), which did not have significantly less bare soil than CON plots.  

No significant differences were found between organic fertilizer use and the control, nor 
between organic and inorganic fertilizer types when similar applications of N are 
compared. While BM plots did not have significant reductions in bare soil, there were 
indications of a trend towards higher vegetation than the control. Similarly, the nearly 
significant difference in vegetation height in the BM and S plots could indicate the 
potential for a trend towards higher vegetation. While nothing can be said definitely about 
these treatments in providing vegetation cover, there is a possibility that over time these 
differences could become significant, and provide the vegetation cover to protect soil from 
water erosion (e.g. Marteinsdottir et al., 2010), and the vegetation height to catch wind-
blown particles and prevent the far-reaching deposition of aeolian transport (e.g. 
Gisladottir et al., 2005). Trends aside, the significantly greater vegetation cover and height 
of the CH3 plots indicated potential for reclamation of the degraded Geitasandur plots. 
Whether the significant vegetation cover for CH3 plots is due to the type of the fertilizer, 
the frequency of fertilization, the amount of fertilizer applied, or the recent timescale of 
application is unknown in the context of this study. Therefore further investigation of both 
the organic and inorganic fertilizers under these application parameters (e.g. triple 
applications of bone meal and sewage sludge) would be recommended to better understand 
vegetation development under treatment in Geitasandur.   

Although increases in vegetation cover under fertilizer treatment is a positive result, as was 
seen for CH3 plots, there are also some studies that show that extensive fertilizer 
applications on successive vegetation reduces the capacity for biodiversity by favoring 
dominant plants (Gough et al., 2000; Rajaniemi, 2003). Rowe et al. (2006), however,  
found that this was not a risk for primary succession vegetation, though species dominance 
could be expected in secondary succesion vegetation. Further application of fertilizer in the 
Geitasandur plots would therefore probably not pose a homogeneous risk in the imminent 
future due to its current primary stage of succession, but progression would have to be 
monitored and taken into consideration so as to avoid single-plant dominance once 
Geitasandur reaches secondary succession vegetation. Although not tested specifically in 
this experiment, none of the treatments showed indications of favoring dominant plants.  

Moss thickness adds complexity to the assessment, as well. Thick moss layers result in 
cooler soil temperatures, which inhibits the growth of grasses, forbs, and shrubs; thinner 
moss layers have warmer soils, allowing these plants to develop deeper roots while leaving 
pre-existing moss undisturbed (Van der Wal et al., 2001). As the Geitasandur vegetation is 
still very new, and the vegetation height is still quite low, the negligible cover of grasses 
and forbs in comparison to the notable cover of mosses is currently of low concern. 
However, if the intention is to restore degraded lowlands to native birch woodlands 
(Aradottir and Arnalds, 2001), it would be prudent to incorporate grases and forbs before 
moss covering inhibits colonization.  
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4.2 Soil Development 
The data suggested that any variance within the soil column primarily occurred in the top 
0-10 cm of the soil, indicating that these layers are the first to react to either the fertilizers, 
or the vegetation above. The low WC, LOI% (or content of OM), C%, and N% and higher 
pH in the bottom 10-20 cm layer show that the top 10 cm of soil are where changes, if any, 
are occurring, similar to findings by Vilmundardóttir et al. (2014) in unfertilized proglacier 
moraines in southeast Iceland. This was consistent with the findings of Crocker and Major 
(1955), who found that carbon, nitrogen, pH, and bulk density varied by soil type (age and 
vegetation cover) in the top 0-10 cm layer, but were more similar to one another in the 
bottom 10-20 cm layer. This was also consistent with the findings of Áskelsdóttir (2012) at 
Geitasandur, who found higher levels of C in the top 0-5 cm layer in heavily fertilized 
land. Although both of the aforementioned studies (Crocker and Major, 1955; Áskelsdóttir, 
2012) assessed soils with greater, long-term fertilizer dosages and vegetation cover, it is 
likely that this trend would apply to the Geitasandur soils in the present study, as 
vegetation and soil developed; eventually, perhaps differences in soil BD between 
sampling depths would emerge as well.  

Additionally, any differences between treatment types primarily occurred in the top 0-10 
cm layer. Although the soil BD difference between CH3 and CON plots were not 
statistically significant, the potential trend of less dense soils was significantly positively 
correlated with the vegetation cover when compared across all treatments. Even with this 
potential for decreased bulk density, only the soil BD in the 0-5 cm layer of CH3 plots fell 
within the typical range of Vitrisols (WRB: Andosols) in Iceland (0.8 – 1.2 g/cm3) 
(Arnalds, 2004), showing that the amended soils have still not recovered.  

Although there were no significant differences between treatments in terms of C%, 
correlations between soil BD and C%, indicated that a trend could eventually emerge over 
time: soils with greater vegetation cover would have less dense soils and higher C%, as has 
been found in other studes (Gísladóttir et al., 2011; Zeng et al., 2014; Hossain et al., 2015). 
This is a well known relationship, as demonstrated by Walker and del Moral (2008), who 
found that vegetation cover generally accompanied changes in soil properties. 
Vilmundaróttir et al. (2014) found comparable succesisonal patterns in the soil 
development in glacial moraines in Iceland. There soil BD decreased and OM and C% 
increased over time. This pattern was visible in 65 and 120 year old soils, but 8 year old 
soils did not yet significantly follow this trend. The Geitasandur experiement has only been 
active for 5 years, so drastic changes in soil development would not be expected. 
Additionally, variability in soil properties is generally irregular until greater vegetation is 
established (Crocker and Major, 1955), and the Geitasandur plots are still mostly barren. 
Despite vegetation that is still quite sparse and young, the variance in coverage under CH3 
treatment shows promise of further development and variance from the control with the 
use of fertilizer. 

Carbon content in both the treated and control plots were similar to the typical C% of 
Vitrisols (Arnalds, 2004, 2015) (WRB: Andosols), <1% C, but this number is very low in 
comparison to the other Andosols of Iceland, which range from 1-18% C (Arnalds, 2004; 
Óskarsson et al., 2004; Arnalds et al., 2013). The Geitasandur C content was also low in 
comparison to that of other Icelandic soils that face intense wind erosion and aeolian 
deposition, indicating the severity of the degradation in Geitasandur: soil classified as 
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having “very high” deposition rates have a C% that ranges from 1.5-4% (Arnalds, 2010). 
However, this low carbon content was similar to the carbon content observed by 
Vilmundaróttir et al. (2014) in newly exposed glacial moraines. In their study, the 8- and 
65-year old soils had average SOC < 1% in the top 0-10 cm of soil; it was not until the 
120-year old soil that the average SOC reached 1.77% (Vilmundardóttir et al., 2014). 
Nonetheless, restoration in Geitasandur has been shown to increase carbon accumulation, 
as demonstrated by Arnalds et al. (2013), even in the short timeframe of 8 years. Arnalds et 
al. (2013) found that, in their intitial stages, soils treated with combined applications of 
grass seeds and fertilizers had the highest carbon accumulation rates, above non-fertilized, 
non-seeded, or lupin-planted treatments. While the C% found in treated and control plots 
of the present study was still less than observed by Arnalds et al. (2013), their results 
alongside the aforementioned correlation between soil BD and both C% and vegetation 
cover could show promise for eventual carbon accumulation in treated Geitasandur soils. 

Douglass and Bockheim (2006) found that accumulation of clay-sized particles was a 
crucial soil-forming process that contributed to carbon accumulation and therefore a 
reduction in bulk density and better conditions for vegetative growth. Similarly, Naeth and 
Wilkinson (2014) found that the addition of fine-textured material and organic matter 
increased the likelihood of vegetative development in degraded tundra in 5 years. Although 
there was no difference between treatments at Geitasandur in terms of texture, application 
of dry bone meal (a fine-textured fertilizer) could fulfill this niche, whereas the chemical 
fertilizers applied were larger pellets. Additionally, the presence of very fine and fine 
aggregates in the top 0-10 cm layer (as opposed to the variety of very fine to moderate 
aggregates in the 10-20 cm layer) could be a result of this change in soil development, 
though the lack of difference between treatments makes the future of this trend ambiguous.   

While dark colored soils are typically indicative of high levels of organic matter 
(Baumgardner et al., 1969; Lynn and Pearson, 2000), the dark colored Geitasandur soils 
are quite low in organic matter; the dark coloration is thus likely due to the basaltic parent 
material and presence of volcanic glass (Arnalds et al., 2013). Although it is apparently too 
early for these soils to display significant differences or correlations between OM and 
vegetation establishment, such changes in OM would be expected if vegetation 
establishment were to continue (Crocker and Major, 1955; Cheng and An, 2015). 
Nonetheless, the correlation between OM and WC at all depths indicates that OM is 
starting to impact soil properties. A study by Rawls et al. (2003) found that water retention 
increased with increased organic matter in sandy soils, as opposed to  fine-textured soils. 
As the Geitasandur soils are quite sandy, it is likely that an increase in water retention 
would be found in these soils if OM were to increase.  

The CN ratio of the CH3 plots was very similar to the fertilizer- and grass-seeded plots 
analyzed by Arnalds et al. in 2013 in Geitasandur. Arnalds et al. (2013) found that after 
five years the 0-5 cm layer of the fertilizer- and grass-seeded plots had a CN ratio of 14.1, 
in contrast to their control which had a CN ratio of 9.8. The fertilizer- and grass-seeded 
plots ratio is comparable to the 14.3 ratio found in CH3 plots at the same depth. 

The difference between pHKCl and pHwater (greater than one unit in some soils) is likely due 
to residual aluminum in the soil (Xiao et al., 2014; FAO, 2015), though the pHKCl and 
pHwater were not found to be correlated at any depth in the soil. The present study did not 
assess aluminum saturation, so further investigation would be necessary in order to 
understand the implications of these differences. The neutral-to-alkaline properties 
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apparent within the CH1 and CH3 plots fitted with the pHwater found in typical Icelandic 
Vitrisols (WRB: Andosols) (7-7.9), while the pHwater for CON and BM plots were more 
acidic, akin to Brown Andosols (WRB: Haplic Andosols) or Gleyic Andosols (pH 5.5-7.5 
and 4.5-7.2, respectively) (Arnalds, 2004). Arnalds (2004) found that the pH of Vitrisols 
(WRB: Andosols) rapidly lowered as vegetation and organic carbon increased; similar 
findings were documented by Vilmundaróttir et al. (2015) in glacial moraines in southeast 
Iceland. However, these findings (Arnalds, 2004; Vilmundardóttir et al., 2015) conflict 
with the results seen in the present Geitasandur study: pH in the 5-10 cm layer increased 
with moss cover, and decreased with bare soil. Further investigation into chemical 
parameters are recommended in order to better understand these correlations. 

4.3 Nutrient Availability 
Nitrogen and phosphorus stocks have been shown to reach abundance at a slow pace, only 
following the accumulation of organic matter in the soil. As both N and P are vulnerable to 
Iceland’s erosion patterns, protecting the soil until these stocks can be established is crucial 
for long-term vegetation. Assuming that the current CON plots are representative of the 
soil parameters pre-treatment in 2010, the soil BD in the top 5 cm of the CON plots (1.46 
g/cm3) was utilized to estimate how much known nitrogen was added to the soil. The initial 
amount of nitrogen added (50 kg/ha) equates to 60 mg N/kg soil within the top 5 cm of 
soil. In the case of CH3 plots, there was no bulk density data for 2011 or 2012, so 
assuming a consistent soil BD CH3 plots received 180 mg N/kg soil. The maximum 
amount of total nitrogen found in the Geitasandur soils was in the top (0-5 cm) layer of 
CH3 plots, equaling 250 mg N/kg soil. However, total nitrogen amounts were not 
significantly different between treatments at any depth, showing that despite the CH3 plots 
receiving three times as much nitrogen, it did not have a notably higher amount even just 
two years after the most recent application.  

Ammonium was the only form of inorganic nitrogen found in all soils in detectable 
amounts, and was only significantly different from the control in CH3 plots. It is worth 
noting, however, that while BM plots did not have significantly higher amounts of 
ammonium (NH4-N) compared with the control, they also did not have significantly lower 
amounts of ammonium (NH4-N) compared with CH3 plots. The lack of difference between 
BM and CH3 plots indicated that a single application of bone meal results in a similar 
amount of available ammonium as three applications of chemical fertilizer. It would be 
interesting to see whether increased applications of BM, such as in the CH3 treatments, 
would lead to significant differences in ammonium concentrations against the control. 

Overall, the amount of nitrogen in the soil was actually quite low and was similar to the 
findings of Vilmundaróttir et al. (2014), which found negligible amounts of nitrogen in the 
newly exposed, 8-year old soils in glacial moraines. While the present Geitasandur study 
does not refer to newly exposed soils, fertilized soils often present similarly negligible 
amounts of inorganic nitrogen. Soils treated with manure-based fertilizer often also 
mineralize nitrogen rapidly within the first few months, presenting an absence of available 
N months or years later (Jokela and Nair, 2016). Another study in sewage-sludge compost 
applications have seen that negligible amounts of N are mineralized after 100 days; it was 
not until plant growth ceased that N became available in the soil (Beraud et al., 2005). 
Vegetation has been increasing in most Geitasandur plots since 2010 (personal 
communication, Magnús H. Jóhannsson, 2015), so it is likely that mineralized N will 
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continue to be below the limit of detection until a balance or maximum vegetation is 
reached (Zeng et al., 2014). The CH3 plots did have notable vegetative cover, so it is likely 
that the added nitrogen was mobilized to support plant growth, leaving little extra 
mineralized N in the soil (Beraud et al., 2005). It is possible that nitrogen was lost due to 
leaching, but as this study did not assess water holding capacity it can only be left to 
speculation. 

Sharpley et al. (1984) found that, in the southern High Plains, USA, over an 8-year 
timespan, available P increased and the P-sorption maximum decreased in clay loam 
agricultural soils that were treated with animal waste, as opposed to chemical fertilizer. 
Although these soils are very different from the Geitasandur soils, it is possible that over 
time similar P differences would be found under the similar treatments as applied on the 
Geitasandur soils, and more P could become available in the non-chemically treated plots. 
Due to their tendency to adsorb phosphorus, sandy soils and Andosols typically need 
greater applications of P in order to make it plant available (Gudmundsson et al., 2014; 
Debicka et al., 2016). Gudmundsson et al. (2014) found that the P-sorption maximum of 
Icelandic Andosols and Histosols were 7-15 g P/kg soil, a much higher number than was 
observed in this Geitasandur study (2.5 g P/kg soil); this is likely because of lower 
allophone content in Vitrisols (WRB: Andosols) (Arnalds, 2015). The Geitasandur soils 
also have much lower amounts of OM and C than those studied by Gudmundsson et al. 
(2014), so it is possible that as the soil develops the P-sorption maximum will increase. As 
Vitrisols (WRB: Andosols) tend to have a lower P-sorption maximum than other Icelandic 
Andosols, it is possible that this discrepancy is purely indicative of the difference between 
the Vitrisols classified by Arnalds (2004) (WRB: Andosols), and the other varieties of 
Icelandic Andosols, as well as Histosols (Arnalds et al., 1995; Arnalds, 2004; Dahlgren et 
al., 2004; Gudmundsson et al., 2014; FAO, 2015). 

Because Andosols hold on to phosphorus, agricultural soils in Iceland require abundant 
and frequent phosphorus-heavy fertilizing – 20-30 kg P/ha annually (Arnalds, 2015); 
fertilizer application for degraded Andosols would have to be even higher. However, 
applying 20 kg P/ha in the Geitasandur soils breaks down to 0.027 mg P/g soil, and the P-
sorption maximum had a mean of 2.56 mg P/g soil. Based on the P-sorption maximum 
calculated in this study, these soils would need >1,869 kg P/ha in order to make P readily 
available, more than 90x the current agricultural application. 

4.4 Bone Meal and Sewage Sludge 
All organic fertilizers in this study are byproducts of existing industries in Iceland, while 
the production of chemical fertilizers is an energy intensive industry, requiring large 
amounts of non-renewable phosphorus and sulphur (Spangberg et al., 2011). Production of 
bone meal requires energy and resources as well, but Iceland’s abundance of renewable 
energy and pre-existing livestock industry reduces the environmental impact of such 
organic fertilizer production. Chemical fertilizers require shipment from overseas, whereas 
domestic production of fertilizers would reduce fossil fuel usage in Iceland’s transport 
sector, Iceland’s last remaining fossil fuel-dependent sector (Loftsdottir and 
Thorarinsdottir, 2006).  

While the journey from fertilizer production to ground application is reduced when using 
bone meal, there exists a conflict in the intitial transport of slaughterhouse waste to the 
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bone meal. In 2015 the bone meal production plant, Orkugerðin, was not receiving as 
much raw material as it is capable of processing, ~5,000 tons/year, due to the high cost of 
sending slaughterhouse waste to Orkugerðin and the low cost of landfilling (Hávarðsson, 
2015; Orkugerðin, 2015). Based on the Landfill Directive implemented by the European 
Union, Iceland must reduce landfilled organic waste by 65% of the 1995 values by 2020 
(Fischer, 2012), so slaughterhouses should soon have an incentive to allocate money for 
proper waste disposal (Hávarðsson, 2015). In addition to policy implementation, perhaps 
improved collection methods could resolve this conflict. 

If the CH3 “extreme” were to be excluded, no fertilizer treatment, including the single 
chemical application, proved to be significantly effective in restoring vegetation or 
promoting soil development. The BM plots came close to being significant in terms of 
vegetation cover, and both BM and S plots nearly presented significant vegetation height 
against the control. The CH3 plots provided a helpful example of the potential for these 
degraded soils, but a triple application of fertilizer is expensive, time-consuming, could 
have secondary effects in the form of leaching, and could decrease biodiveristy 
(Mozumder and Berrens, 2007). Although a single application of bone meal did not prove 
to be significant, it is worth researching the potential significance over a longer period of 
time, or under greater applications: whether or not a triple application of bone meal would 
exceed the benefits of CH3 plots is interesting to consider. Bone meal in Iceland costs 
about 25,000 ISK ($214 USD) per metric ton, whereas chemical fertilizer costs about 
87,000 ISK ($746 USD) per metric ton at its lowest estimated price (personal 
communication, Guðmundur Stefánsson and Magnús H. Johannsson, 2016). An estimated 
500 kg of bone meal contains the same amount of nitrogen (50 kg N) as 200 kg of 
chemical fertilizer (personal communication, Magnús H. Johannsson, 2016). Therefore, a 
triple application of fertilizer equaling 150 kg of N would cost: 37,500 ISK ($330 USD) in 
the form of bone meal fertilizer, and 52,200 ISK ($458 USD) in the form of chemical 
fertilizer. As one application of bone meal plots showed nearly significant vegetation cover 
over the control plots, it is possible that even just a double application would be enough to 
make a difference, which would cost just 25,000 ISK ($220 USD), though the success of 
these treatments is based purely on speculation. In terms of materials, it appears that bone 
meal could have the potential to provide restorative qualities for less money than chemical 
treatments, though this does not account for labor or infrastructure required for application 
at this scale.  

Ultimately, utilizing bone meal for land restoration purposes offers a beneficial closed-loop 
option for animal byproduct waste. In 2014 an estimated 22% of Orkugerðin’s annually 
produced bone meal was utilized by the SCSI for restoration purposes (Orkugerðin, 2015; 
Þórisson et al., 2015), though Orkugerdin’s bone meal is also used as a fertilizer for other 
restoration projects (e.g. Hekluskogar) as well as for grass production (e.g. grazing, golf 
courses, parks) (Harðarson, 2014). As grazing livestock has been shown to degrade soil 
and increase erosion (Arnalds, Gisladottir, et al., 2001; Arnalds and Barkarson, 2003; 
Aradóttir et al., 2013), it would be to Iceland’s advantage to utilize this byproduct to 
reclaim eroded land instead of enabling further degradation. 

Some studies have shown that while bone meal has minimal nitrogen leaching, it has high 
potential for phosphorus runoff (Jeng et al., 2007; Spangberg et al., 2011). The high P-
sorption levels and low amounts of phosphorus currently in the soils could mean that P-
leaching is a low risk scenario. However, as Vitrisols (WRB: Andosols) tend to have high 
water infiltration rates, notably in summer months (Arnalds, 2004), the effects and 
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implications for potential infiltration would have to be studied further in order to better 
assess the risk of leaching into aquifers and water bodies. 

Although sewage sludge did not prove to have a significant effect on vegetation cover or 
chemical/physical soil properties, it came quite close to having a statistically significant 
change in vegetation height over the control, and therefore further studies should be 
conducted in order to study possible effects. As sewage sludge is a product of infinite 
supply, and is currently dumped into the sea as waste (NPA, 2001), increased application 
of treated sewage sludge for land reclamation purposes would offer a new end to a 
discarded product. After the United Kingdom banned the disposal of sewage sludge to the 
sea in 1998, they assessed their possible remaining options: landfilling, incineration, or 
application as a fertilizer. They found that landfilling and incineration were high-cost and 
low-to-moderately sustainable, but application of sewage sludge as a fertilizer was both 
low-cost and highly sustainable (Water-UK, 2010). A literature review by Singh and 
Agrawal (2008) found that sewage sludge application can increase soil aggregate stability, 
water holding capacity, porosity, SOC, N and P concentrations, and cation exchange 
capacity, and decrease BD and erosion. Sewage sludge is currently not utilized in Iceland 
as a potential fertilizer, and is a soil amendment that is often controversial due to the 
increased risk of toxic elements and metals (Singh and Agrawal, 2008). The United States 
Environmental Protection Agency (USEPA) has allowed the use of sewage sludge if 
applied at environmentally responsible rates in regards to pollutants and pathogens 
(USEPA, 1994; Beraud et al., 2005), in 2002 Denmark used 66% of their sewage sludge 
for fertilizer application under strict regulation (Jensen and Jepsen, 2005), and 77% of the 
UK’s sewage sludge was utilized as an agricultural fertilizer in 2008 (Water-UK, 2010).  

Agricultural application of sewage sludge requires multiple applications in a fixed area, 
with the express purpose of producing vegetation for consumption. The use of sewage 
sludge for the sake of land reclamation would mean fewer applications over a wider area, 
which could reduce environmental and health risks. Nonetheless, care should still be taken 
so as to reduce any environmental risks, and to prepare for the potential utilization of 
sewage sludge in an agricultural capacity. Currently, the Icelandic Ministry of the 
Environment has established sewage sludge application regulations, which specifies how it 
can be applied and the required waiting-period before food may be grown on treated soil 
(Ministry of the Environment, 1999). In the United Kingdom such regulations have also 
been implemented, with the creation of “The Safe Sludge Matrix” that outlines the type of 
sewage sludge (e.g. untreated, conventionally treated, enhanced treated) that can be used to 
grow certain crops (e.g. vegetables, grass, feed) over certain periods of time (e.g. harvest 
after 10-, 12-, or 30 months) (Water-UK, 2010). Further research into the make-up, 
treatment, and transport of Icelandic municipal sewage sludge and its impact in a local 
setting would be required to ensure safe and sustainable application. Additionally, whether 
a triple application of sewage sludge would lead to significant changes in vegetation height 
over the control should be assessed. While increased surface roughness would prove 
beneficial for windblown catchment, the high infiltration rates in Geitasandur could mean 
that higher volumes of sewage sludge could place water bodies at greater risk for 
contamination. 
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4.5 Conclusions 
Based on the results of this study, Hypothesis 1 was not proven to be true: although soils 
treated with organic fertilizers seemed to have marginally more vegetation, the increase 
over control plots was not statistically significant and only triple applications of a chemical 
fertilizer were able to significantly affect cover. Hypothesis 2 was also not proven to be 
true: only the triple chemical fertilizers indicated a change in affected soil parameters. 
However, the short timespan between treatment and analysis (five years), and the emerging 
trends of increased vegetation cover on soils treated with organic fertilizers, could mean 
that over more time both hypotheses would have increased validity. Although triple 
applications of chemical fertilizer have been the only treatment to make significant 
changes thus far in the present study, based on the potential impacts of organic fertilizers a 
combination of fertilizer applications, such as sewage sludge and bone meal, could be 
effective in providing greater vegetation volume on degraded soils. This study suggests 
further research into varying quantities and frequencies of bone meal and sewage sludge 
applications, so as to compare more evenly with the results of triple chemical applications. 
Potential upfront costs, such as the establishment of proper infrastructure and heavy 
fertilization in severely degraded areas, would need to be calculated in order to properly 
assess the imminent feasibility of any reclamation efforts. Short-term costs aside, the long-
term benefits of reducing imports and landfill waste by way of nutrient cycling, erosion 
reduction, and land reclamation would be significant for the longevity of Iceland’s 
functioning ecosystems and capacity for self-reliance. Instead of depending on 
internationally produced chemical fertilizers that place pressure on non-renewable 
resources, Iceland’s land reclamation efforts could turn towards the ample and renewable 
fertilizers that already exist domestically. Soil restoration may be a slow-moving process, 
but once the land is protected it will have a chance to rebuild, offering the potential for a 
fertile, productive, and resilient landscape.  
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Appendix 1 Soil morphology by treatment type, dpeth, and replicate. Descriptive abbreviations based on Schoeneberger (2002). Grade: 0 = structureless, 1 = weak, 2 = 
moderate; size: vf = very fine, f = fine, m = medium; type: gr = granular, sbk = subangular blocky. Cons = Consistency: L = loose, VFR = very friable, FR = friable, FI 
= firm. 

Treatment Depth 
(cm) Replicate 

Structure 
(grade, 
size, type) 

Cons. Texture Munsell color code 

CON Roots 1 1, f, sbk L Sand/loamy sand 2.5Y/2.5/1 (black) 
    2 2, f, gr L Sand 5Y/2.5/1 (black) 
    3 1, m, gr L Loamy sand 2.5Y/2.5/1 (black) 
  0-5 1 1, f, sbk VFR Loamy sand 2.5Y/2.5/1 (black) 
    2 1, vf, sbk L Sandy loam 10YR/2/1 (black) 
    3 1, f, sbk VFR Loamy sand/sandy loam 2.5Y/2.5/1 (black) 
  5-10 1 1, f, sbk FR Loamy sand 2.5Y/3/3 (dark olive brown) 
    2 1, f, sbk FR Sand/loamy sand 10YR/2/2 (very dark brown) 
    3 2, m, sbk FI Loamy sand 10YR/3/1 (very dark gray) 
  10-20 1 2, f, sbk FR Loamy sand 10YR/3/3 (dark brown) 
    2 0, m, gr L Sand 5Y/2.5/1 (black) 
    3 1, f, sbk FR Sand 10YR/2/2 (very dark brown) 

BM Roots 1 1, f, sbk FR Loamy sand 2.5Y/3/2 (very dark grayish 
brown) 

    2 1, f, gr L Sand/loamy sand 5Y/2.5/2 (black) 
    3 1, vf, gr L Loam 5Y/2.5/1 (black) 
  0-5 1 1, f, sbk FR Loamy sand/sandy loam 10YR/2/1 (black) 
    2 1, f, sbk VFR Sandy loam 10YR/2/1 (black) 
    3 1, vf, sbk VFR Loam 10YR/2/1 (black) 

  5-10 1 1, f, sbk FR Loamy sand/sandy loam 2.5Y/3/2 (very dark grayish 
brown) 

    2 2, f, sbk VFR Loamy sand/sandy loam 10YR/3/1 (very dark gray) 
    3 2, f, sbk FR Sandy loam 2.5Y/3/3 (dark olive brown) 
  10-20 1 2, f, sbk L Sand 10YR/2/2 (very dark brown) 
    2 1, vf, sbk L Sand/loamy sand 2.5Y/2.5/1 (black) 
    3 1, f, sbk L Loamy sand 10YR/3/1 (very dark gray) 
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Treatment Depth Replicate 
Structure 
(grade, size, 
type) 

Consistency Texture Munsell color code 

S Roots 1 0, m, gr L Sand 5Y/2.5/1 (black) 
    2 0, m, gr L Sand 10YR/2/1 (black) 
    3 0, m, gr L Sand 5Y/2.5/1 (black) 
  0-5 1 1, f, sbk L Sand/loamy sand 10YR/2/1 (black) 

    2 2, f, sbk FR Loam 10YR/3/2 (very dark grayish 
brown) 

    3 1, f, sbk VFR Sand/loamy sand 2.5Y/2.5/1 (black) 
  5-10 1 1, f, sbk FR Loamy sand 2.5Y/3/2 (very dark grayish brown) 
    2 1, f, sbk FR Loamy sand/sandy loam 10YR/2/1 (black) 
    3 1, m, sbk L Sand/loamy sand 2.5Y/3/2 (very dark grayish brown) 
  10-20 1 1, f, gr L Sand/loamy sand 5Y/2.5/1 (black) 
    2 0, f, gr L Loamy sand/sandy loam 5Y/2.5/1 (black) 
    3 0, f, gr L Sand/loamy sand 10YR/2/1 (black) 
CM Roots 1 0, f, gr L Sand 5Y/2.5/1 (black) 
    2 1, vf, sbk L Loamy sand 10YR/2/2 (very dark brown) 
    3 0, f, gr L Sand/loamy sand 5Y/2.5/1 (black) 
  0-5 1 1, f, sbk FR Loamy sand 2.5Y/2.5/1 (black) 
    2 1, f, sbk VFR Loamy sand/sandy loam 2.5Y/3/2 (very dark grayish brown) 
    3 1, f, sbk VFR Sand/loamy sand 10YR/2/1 (black) 
  5-10 1 1, vf, sbk FR Sand/loamy sand 10YR/2/2 (very dark brown) 
    2 1, vf, sbk VFR Loamy sand 10YR/2/2 (very dark brown) 
    3 2, f, sbk FR Sandy loam 10YR/2/2 (very dark brown) 
  10-20 1 2, f, sbk FR Loamy sand/sandy loam 10YR/2/2 (very dark brown) 
    2 0, m, gr L Sand 5Y/2.5/1 (black) 
    3 1, m, gr L Sand 10YR/2/1 (black) 
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Treatment Depth Replicate 
Structure 
(grade, size, 
type) 

Consistency Texture Munsell color code 

CH1 Roots 1 1, vf, sbk VFR Sand/loamy sand 2.5Y/3/2 (very dark grayish brown) 
    2 1, f, gr VFR Sand/loamy sand 5Y/2.5/2 (black) 
    3 1, f, gr L Sand/loamy sand 5Y/2.5/1 (black) 
  0-5 1 1, f, gr L Sandy loam 5Y/2.5/1 (black) 
    2 2, m, sbk VFR Loamy sand 10YR/2/2 (very dark brown) 
    3 1, f, sbk VFR Sandy loam 5Y/2.5/1 (black) 
  5-10 1 1, f, sbk FR Loamy sand/sandy loam 2.5Y/3/3 (dark olive brown) 
    2 2, m, sbk FR Loamy sand/sandy loam 2.5Y/3/2 (very dark grayish brown) 
    3 2, f, sbk FI Sandy loam/loam 10YR/3/1 (very dark gray) 
  10-20 1 1, m, gr FR Sand 10YR/2/1 (black) 
    2 0, f, gr L Sand 5Y/2.5/1 (black) 
    3 2, f, sbk FR Sandy loam/loam 10YR/3/3 (dark brown) 
CH3 Roots 1 0, vf, sbk FR Loamy sand 5Y/2.5/2 (black) 
    2 0, f, gr L Sandy loam 10YR/2/2 (very dark brown) 
    3 1, vf, sbk FR Sandy loam/loam 10YR/2/1 (black) 
  0-5 1 1, f, sbk FR Sandy loam/loam 10YR/3/1 (very dark gray) 
    2 1, f, sbk L Sandy loam/loam 5Y/2.5/1 (black) 
    3 1, f, sbk VFR Sandy loam/loam 10YR/2/1 (black) 
  5-10 1 1, f, gr L Loamy sand 10YR/3/1 (very dark gray) 
    2 2, f, sbk VFR Loam 10YR/3/4 (dark yellowish brown) 

    3 2, vf, sbk FR Loamy sand 10YR/3/2 (very dark grayish 
brown) 

  10-20 1 0, f, gr L Sand 5Y/2.5/1 (black) 
    2 1, vf, sbk L Loamy sand 5Y/2.5/1 (black) 
    3 1, vf, sbk FR Sand/loamy sand 7.5YR/2.5/1 (black) 

 


