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Abstract 

With the advent of space-borne scientific platforms such as the Landsat satellites, utilising 

remote sensing for monitoring vegetation dynamics is commonplace in research. However, 

studies that focus on vegetation succession on lava flow fields are much rarer. This study 

uses remote sensing to monitor vegetation succession on Icelandic lava flows. The aim was 

to evaluate whether vegetation succession can be monitored on Hekla volcano’s lava flows 

via available Landsat data, and if so, assess that succession in space and time. The 

literature presented focuses on the Icelandic landscape, vegetation succession on lava flows 

and remote sensing of vegetation. NDVI images were used to construct time series of 

vegetation growth on prime Icelandic lava flows and change detection was achieved via 

image differencing. These series indicated vegetation growth on all lava flows analysed. 

The impact of elevation can be inferred as having a negative relationship to NDVI, though 

the relationship was weak, especially for older (pre 1970) lava flows which already have 

established vegetation. Change detection maps indicated that lava flows act as a stable 

substrate for vegetation growth in this erosion prone landscape. Initial stage vegetation 

succession was visible within a 10-15 year time frame after lava flow emplacement. The 

application of the methods used are considered successful and are capable of being applied 

to other regions in Iceland. This would allow for further study and refinement of the 

information needed to monitor the spatial dimension of early vegetation succession stages. 

However, more knowledge of Icelandic phenology and better treatment of errors in the 

images are needed in future studies. 

Útdráttur 

Með komu vísindalegra vettvanga úr geimnum eins og Landsat gervihnattatungla og 

notkun þeirra til fjarkönnunar (e. remote sensing) við eftirlit með gróðurvirkni, er algeng 

aðferð til rannsókna á þessu sviði. Hinsvegar, eru rannsóknir sem einblína á framfarir í 

gróðri í hraunbreiðum með aðferð fjarkönnunar óalgengt. Þessi rannsókn notast við 

fjarkönnun til þess að fylgjast með framgengni gróðurs í íslenskum hraunbreiðum. 

Markmiðið er að meta hvort framgengni gróðurs geti verið vöktuð í hraunbreiðum við 

Heklu með fáanlegum gögnum úr Landsat gagnagrunni og ef svo er, að meta framgang á 

þessu svæði. Þau ritverk sem kynnt eru í ritgerðinni einblína á íslenskt landslag, 

framgengni gróðurs í hrauni og fjarkönnun á gróðri. NDVI myndir voru notaðar til þess að 

setja upp myndasyrpu af gróðri á megin hraunbreiðum Íslands og meta breytingar á stefnu 

gróðursins sem uppgötvuðust með myndgreiningunni. Þessar myndasyrpur bentu til 

gróðurvaxtar á öllum þeim hraunbreiðum sem teknar voru fyrir í rannsóninni. Áhrif hæðar 

yfir sjávarmáli getur haft neikvæð áhrif á samaband framgengni gróðurs, þó sambandið sé 

veikt, sérstaklega fyrir eldri (fyrir 1970) hraunbreiður sem hafa núþegar komið gróðri vel á 

fót. Breyting á greiningarkortum benda til þess að hraunbreiður virka sem stöðugur 

grunnur fyrir gróðurvöxt í þessu rof hneigða landslagi sem fyrir finnst hér á Íslandi. 

Upphafleg framgengni gróðurs var sýnileg á 10-15 ára tímabili eftir gos. Notkun 

aðferðafræðinnar og niðurstaða er álitin árangursrík og er hæf til þess að vera beitt á önnur 

svæði á Íslandi. Einnig er hún hæf fyrir frekari rannsóknir og við endurbætur á 

upplýsingum sem þarfnast eftirlits á staðbundinni stærð á framgengni gróðurs á byrjunar 

stigi. Hinsvegar, er þörf fyrir frekari þekkingu á náttúrufarsfræði (e. phenology) og betri 

meðferð á villum á myndum í framtíðinni.  





v 

Table of Contents 

List of Figures .................................................................................................................... vii 

List of Tables ..................................................................................................................... viii 

Abbreviations ...................................................................................................................... ix 

Acknowledgements ............................................................................................................. xi 

1 Introduction ..................................................................................................................... 1 
1.1 Aim and objectives .................................................................................................. 4 

2 Literature review ............................................................................................................ 5 
2.1 Iceland’s historical vegetation ................................................................................. 5 

2.1.1 Vegetation succession around Hekla ............................................................. 6 

2.2 Vegetation succession on lava flows ....................................................................... 7 

2.2.1 Microclimate .................................................................................................. 7 

2.2.2 Soil accumulation ........................................................................................... 7 

2.2.3 Surface structure ............................................................................................ 8 

2.2.4 Seed dispersal and germination ..................................................................... 8 

2.2.5 Retrogression and recovery............................................................................ 8 

2.3 Remote sensing techniques and vegetation indices ................................................. 9 

2.3.1 Remote sensing principles and multispectral imagery ................................... 9 

2.3.2 Vegetation indices and NDVI ...................................................................... 10 

2.3.3 The ITPCA method for change detection analysis ...................................... 10 

2.4 Remote sensing techniques for monitoring vegetation on lava flows ................... 11 

2.4.1 Use of different vegetation indices .............................................................. 11 

2.4.2 Lava flows and the use of vegetation indices .............................................. 12 

2.5 Climate change in the Arctic ................................................................................. 13 

2.5.1 Vegetation response over large extents ........................................................ 13 

2.5.2 Faunal changes ............................................................................................. 14 

2.5.3 Vegetation composition changes ................................................................. 14 

3 Study site ........................................................................................................................ 15 
3.1 Iceland’s volcanic character and climate ............................................................... 15 

3.2 Mt. Hekla ............................................................................................................... 16 

3.2.1 Plant cover in the Hekla area ....................................................................... 16 

4 Methods .......................................................................................................................... 19 
4.1 Data used ............................................................................................................... 19 

4.1.1 Landsat time series data ............................................................................... 19 

4.1.2 Digital elevation model data ........................................................................ 22 

4.2 Data preparation .................................................................................................... 22 

4.2.1 Radiometric calibration to top of atmosphere reflectance ........................... 22 

4.2.2 Masking out ice and cloud ........................................................................... 23 



vi 

4.2.3 Sources of uncertainty in landsat images .................................................... 24 

4.3 Vegetation index calculation and statistical methods ........................................... 24 

4.3.1 NDVI calculation ......................................................................................... 24 

4.3.2 Rationale for isolating example lava flows and elevations ......................... 24 

4.3.3 Time series of NDVI development .............................................................. 25 

4.3.4 Regression analysis of NDVI and elevation ................................................ 26 

4.3.5 Anomaly maps and z statistic ...................................................................... 27 

4.3.6 Difference change detection and comparison of NDVI and ITPCA 

method ......................................................................................................... 28 

5 Results ............................................................................................................................ 29 
5.1 Time series of NDVI ............................................................................................. 29 

5.2 Relationship of NDVI to elevation ....................................................................... 33 

5.3 NDVI anomalies ................................................................................................... 34 

5.4 Comparison with ITPCA change detection .......................................................... 37 

6 Discussion ...................................................................................................................... 43 
6.1 Vegetation index utility for examining the Icelandic landscape ........................... 43 

6.2 Vegetation succession as a time series .................................................................. 44 

6.2.1 Variability in the vegetation signal .............................................................. 45 

6.2.2 NDVI and elevation ..................................................................................... 46 

6.3 Spatial change detection for plant succession ....................................................... 47 

6.3.1 Change detection via NDVI anomalies for 2017 ......................................... 47 

6.3.2 Change detection via NDVI and ITPCA differencing ................................. 48 

6.3.3 Responses seen in the vegetated SW region ................................................ 50 

6.4 Data preparation and phenology ........................................................................... 50 

6.4.1 Data preparation .......................................................................................... 50 

6.4.2 The importance of phenology ...................................................................... 52 

6.5 Potential for change within a changing climate .................................................... 54 

6.5.1 Icelandic responses ...................................................................................... 54 

7 Conclusions and outlook .............................................................................................. 57 
7.1 Future studies and outlook .................................................................................... 58 

References .......................................................................................................................... 59 

Appendix A ........................................................................................................................ 69 

Appendix B ......................................................................................................................... 71 

Appendix C ........................................................................................................................ 72 

Appendix D ........................................................................................................................ 78 

 

  



vii 

List of Figures 

Figure 1 The four stages of plant succession detailed at Hekla: ........................................... 3 

Figure 2 Examples of thufur in Iceland (Left) and a rofabard in southern Iceland 

(Right). ................................................................................................................ 6 

Figure 3 Volanic systems of Iceland for locating the N. American and Eurasian 

Plates. ................................................................................................................ 15 

Figure 4 Hekla Volcano's Location with respect to the highlands and lowlands of 

Iceland. ............................................................................................................. 16 

Figure 5 Map to show the locations of Hekla’s lava flow ................................................... 17 

Figure 6 Example SLC failure for Landsat 7. ..................................................................... 21 

Figure 7 Elevations sections and example sample points for the pixel locations of the 

1300 lava flow. ................................................................................................. 26 

Figure 8 Changes in NDVI over time for the 1300 lava flow. ............................................ 30 

Figure 9 Changes in NDVI over time for the 1980 lava flow. ............................................ 31 

Figure 10 NDVI time series of sample areas on the 1300 lava flow. .................................. 32 

Figure 11 NDVI plotted against elevation for the 1725 lava flow. ..................................... 33 

Figure 12 Maps to show the birch area on the 1300 lava flow over the NDVI 

anomalies for 2017. .......................................................................................... 34 

Figure 13 Maps to show the anomolous decrease in NDVI north of Hekla's summit 

over the NDVI anomalies for 2017. ................................................................. 35 

Figure 14 Maps to show the high and low NDVI at Selsund Farm and a nearby sand 

dune respectively over the NDVI anomolies for 2017. .................................... 35 

Figure 15 Maps to show NDVI anomalies for 2017 ........................................................... 36 

Figure 16 NDVI change detection for the emerging1991 lava flow at Hekla. .................... 37 

Figure 17 Comparison of NDVI and ITPCA change detection (difference) maps for 

1994-1988. ........................................................................................................ 38 

Figure 18 Comparison of NDVI and ITPCA change detection (difference) maps for 

1998-1988. ........................................................................................................ 39 

Figure 19 NDVI change detection for the Rauðubjallar vent cones at Hekla. .................... 40 

Figure 20 Comparison of NDVI and ITPCA change detection (difference) maps for 

2001-1998. ........................................................................................................ 41 



viii 

Figure 21 Comparison of NDVI and ITPCA change detection (difference) maps for 

2014-1988. ........................................................................................................ 42 

Figure 22 NDVI retrogression where the 1970 eruption plume deposited tephra. ............. 46 

Figure 23 A comparison between different derivations of vegetation index at Hekla. ....... 51 

 

 

 

 

List of Tables 

Table 1 Landsat sensor specifications. ................................................................................ 19 

Table 2 Lava flow fields selected for analysis. ................................................................... 25 

  



ix 

Abbreviations 

DCA: Detrended Correspondence Analysis. 

DEM: Digital Elevation Model. 

DLR: Deutsches Zentrum für Luft [The German Space Agency]. 

DN: Digital number. 

EM: Electromagnetic, as in ‘electromagnetic radiation’ or ‘electromagnetic spectrum’. 

EMMIRS: Environmental Mapping and Monitoring of Iceland by Remote Sensing. 

ETM+: Enhanced Thematic Mapper Plus. 

GEOTIFF: Georeferenced Tagged Image File Format. 

GIS: Geographical Information System. 

GPP: Gross Primary Production. 

H/R: Highland conditions/-retrogression. 

ICC: Initial colonisation and cover coalescence. 

IPCC: Intergovernmental Panel on Climate Change. 

ITPCA: Iterative Principle Component Analysis.  

LAI: Leaf Area Index. 

LiDAR: Light detection and ranging. 

MSAVI: Modified Soil Adjusted Vegetation Index. 

MSS: Multispectral Scanner System. 

NASA: The National Aeronautics and Space Administration of the United States of 

America. 

NDVI: Normalised Difference Vegetation Index. 

NIR: Near Infrared.  

OLI: Operational Land Imager. 

SC: Secondary Colonisation. 

SLC: Scan Line Corrector. A component that failed on board the Landsat 7 platform. 

SWIR: Short Wave Infrared. 

TM: Thematic Mapper. 

TOA: Top of Atmosphere [reflectance]. 

UAV: Unmanned Aerial Vehicle(s). 

USGS: The United States Geological Survey. 

VI(s): Vegetation Index (Indices). 

VPD: Vascular plant dominance. 





xi 

Acknowledgements 

I would like to thank Benjamin Hennig, for his guidance and support as a supervisor, Gro 

Birkefeldt Møller Pedersen, for use of EMMIRS data, especially the lava flow shapefiles 

for Hekla as well as for guidance and support on the intricacies of volcanological 

influences on Icelandic vegetation succession. Also, I would like to thank Nicola Falco for 

data and assistance with the ITPCA change detection method. Especially for the change 

detection maps to compare with my analysis. 

I am thankful for Velveth for being such great company throughout this thesis. And finally 

I am eternally grateful to my parents and brother for their constant support and guidance. 

Landsat data is available from the U.S. Geological Survey. 

 





1 

1 Introduction 

Studies of vegetation succession on Icelandic lava flows are an area of research that can 

benefit from both the large spatial coverage of observations from satellite remote sensing 

as well as the continually increasing temporal range of satellite acquired data for land 

surfaces. 

Being able to detect and understand the spatial patterns of how vegetation pioneers and 

succeeds on bare volcanic landscapes is of upmost importance for understanding how 

ecosystems develop and become diverse enough to support rich species diversity and 

animal life (Audesirk et al. 2011). 

Within an Icelandic context, understanding biodiversity is of special importance as Iceland 

has a landscape whose history has been characterised by frequent, energetic geological 

processes (Thórarinsson, 1967) and pressure on its ecosystems due to the land use changes 

imposed after Iceland was settled by humans (Dugmore et al., 2009; Sigurmundsson et al., 

2014). This has led to Iceland having relatively low biodiversity for land at its latitude 

(Ministry for the Environment and Natural Resources, 2014). 

Studies of this nature cannot avoid falling under the evermore acute influence of global 

climate change, especially for a sub-arctic region such as Iceland. The Intergovernmental 

Panel on Climate Change (IPCC) highlight that high northern latitudes are warming faster 

than other regions on the planet (IPCC, 2013), with some research pointing towards Polar 

Amplification (PA), a phenomenon where effects such as decreasing sea ice mean a lower 

albedo, the proportion of the sun’s energy reflected back into space, causes the Arctic 

temperature to rise disproportionately under Greenhouse Gas (GHG) emissions (Bekryaev 

et al., 2010). 

Vegetation and ecosystems more widely are already experiencing changes relating to 

global climate change that will be discussed in this study. 

The above aspects result in Iceland posing a challenging location for vegetation 

succession, but one from which ecosystem development can be monitored and researched 

from bare rock onwards. As such, research into vegetation succession processes can form a 

reference point in which future studies may investigate the myriad environmental 

conditions in which volcanic activity and resultant pioneering vegetation occur (Del Moral 

and Grishin, 1999). 

These “blank slates” of bare rock are due to the frequent occurrence of new, soil free land 

surfaces being formed as lava flow fields from Iceland’s many volcanic eruptions. These 

present an opportunity to study vegetation succession from un-weathered rock to primary 

succession to formation of soils that can sustain vascular plants. In addition to this, 

Iceland’s distinctive vegetative composition presents a situation in which relatively few 

plant species are both available and capable of colonising recent lava flows. 
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The present study centres on the multitude of lava flow fields surrounding Hekla volcano 

in southern Iceland, hereafter referred to as Hekla. As such, an important element of this 

study is to demonstrate the utility of remote sensing to enable rich spatial analysis of an 

area in which research on succession was restricted to small sample extents via field 

studies (Vilmundardóttir et al., 2018). Conversely, this approach also facilitates the 

identification of geographic areas with interesting characteristics which could be used as a 

basis for further, more focussed, field studies. 

Pedersen et al. (2018) present spatial extents of 16 historical lava flows around Hekla. The 

lava flows were mapped, and their ages identified, through archival remote sensing data, 

field studies (both geological mapping and vegetation cover studies) and historical sources 

(including medieval accounts of Hekla’s eruptions). It is this previous study that provides a 

basis for differentiating vegetation on Hekla’s lava flows from their surroundings via 

remote sensing. As such, this study will mirror the research goals of the Environmental 

Mapping and Monitoring of Iceland by Remote Sensing (EMMIRS) project that 

Pedersen’s et al. (2018) research falls within. 

Vegetation succession around Hekla 

In addition to the extensive mapping of Hekla’s lava flows, this study closely follows the 

work of Vilmundardóttir et al. (2018), a study also under the purview of the EMMIRS 

project. The authors reiterate the effect lava flows have on ecosystems by ‘resetting 

development’. Multiple field sampling methods were employed to study plant succession, 

soil development and soil accretion on Hekla’s historical lava flows. Vilmundardóttir et al. 

(2018) found that vegetation on Hekla’s lava flows exhibited various stages of succession 

towards the climax ecosystem for Iceland, birch woodland.  

 

Four successional stages were identified for Hekla. The successional stages, along with 

approximate ages of lava flow they occur on, are:  

 

 Initial colonisation and cover coalescence (ICC) for lavas of <70 years old. 

 Secondary colonisation (SC) for lavas of 170-700 years old. 

 Vascular plant dominance (VPD) for lavas of >600 years old. 

 Highland conditions/ retrogression (H/R) for lavas of 70-700 years old. 

 

These stages are used to describe vegetation succession on Hekla’s lava flows throughout 

the current study. 

 

Vilmundardóttir et al. (2018) explain that the first stage (referred to as ICC here) is similar 

at Hekla to other volcanic regions in the world. This stage is where mosses and lichens are 

the pioneering species on hospitable novel lava flows. SC was mainly attributed to lower 

elevations and this stage is described as moss dominance (Racomitrium lanuginosum) and 

the slow colonisation of vascular plants. VPD is the peak stage of succession and consists 

of dwarf shrub heath and/or birch dominance. However, VPD only occurs where 

conditions are favourable for vascular plants at low altitudes and on older lava flows 

(Bjarnason, 1991). 
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Figure 1 The four stages of plant succession detailed at Hekla: 

(a) Initial Colonization and Coalescence stage at the 1991 lava field west of Hekla’s 

summit; (b) Secondary Colonization stage indicating moss dominance on the 1300 lava 

field (c) Vascular Plant Dominance indicating birch shrubs on the 1300 lava field; (d) 

Highland Conditions/Retrogression stage by tephra deposition on the 1766 lava field that 

received a large amount of tephra during the 1947 eruption. (Figure from Vilmundardóttir 

et al., 2018). 

 

 

There are numerous studies into plant succession on lava flows (e.g. Walker et al., 2010; 

Cutler, 2011) that use the differing ages of the lava flows as a chronosequence of events. 

This includes Vilmundardóttir et al. (2018) for the area studies in this research. In this 

context, a chronosequence essentially uses the identified ages of lava flows as a proxy for 

vegetation development at different points in time. This approach is necessary to detail 

changes over time for periods longer than direct observations exist (Walker et al., 2010).  

The current study offers a complementary view to that of a chronosequence by utilising 

direct observations, albeit via remote sensing, of the lava flows’ conditions with time 

actually passing between measurements. This avoids the need for a chronosequence as a 

proxy of time passing. Consequently, this approach cannot be used to make inferences 

before the first available remotely sensed observations but does allow a more detailed view 

of vegetation development over the past four decades or so. 
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The combination of accurate spatial information on Hekla’s lava flow fields (Pedersen et 

al, 2018) and knowledge of existing vegetation succession (Vilmundardóttir et al., 2018) 

on these flows enables this study to analyse vegetation changes on a broader spatial scale 

than field studies allow for, via the use of satellite remote sensing. It relies on satellite 

imagery with a temporal span from 1984 to 2017. This includes two eruptions and resultant 

lava flows, in 1991 and 2000. 

The purpose of this study is to present a snapshot of vegetation development on these lava 

flows since their inception. For some lava flows this will be a small window into a long 

developed system, for more recent lava flows this will be an almost constant view, on a 

geological scale, of vegetation succession over their adolescence. 

1.1 Aim and objectives 

Considering the context detailed above, and with regards to the utility of satellite remote 

sensing for monitoring vegetation succession on lava flows, the overall aim and objectives 

defined for this research are given below: 

Aim: To evaluate whether vegetation succession can be monitored over Hekla volcano’s 

lava flows within the time frame available from Landsat data and, if so, assess the 

succession in space. 

Objectives: 

1. To establish representations of vegetation presence over Hekla via NDVI 

calculation. This requires radiometric correction of bands from successive Landsat 

multispectral sensors to Top of Atmosphere (TOA) reflectance. 

2. To use time series of vegetation growth over Hekla to establish whether primary 

succession (or ICC) can be monitored on new lava flows (that is from the 1991 and 

2000 eruptions at Hekla). 

3. To establish potential correlations of any monitored succession with an 

environmental factor, elevation. 

4. To compare NDVI difference images with a novel toolbox for change detection 

(Falco et al., 2016) to make potential inferences on what changes are due to 

vegetation development or not. 

5. To discuss and evaluate this study’s approach for monitoring vegetation succession 

via remote sensing. 

Chapter 2 outlines existing literature on vegetation in Iceland as well as plant succession, 

followed by an explanation of remote sensing principles and their application to this study 

area. Chapter 3 details the case study area followed by chapters 4 and 5 where the methods 

and results of this research are detailed. Chapters 6 and 7 discuss the results of this study in 

the context of climate change in Iceland and provide an outlook for future studies.   
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2 Literature review 

The study of ecosystem development in the proximity of volcanoes, including Iceland, is 

an area of extensive research. Numerous studies have focused on the conditions needed for 

vegetation growth to occur under the extreme physical and chemical changes that occur in 

volcanic zones. There is a particular focus on lava flows and vegetation succession; an area 

where remote sensing techniques can provide novel and powerful information to better 

understand biotic processes that are in play in these, at least initially after an eruption, 

hostile environments. Finally this study will be placed into the context of Arctic climate 

change. 

2.1 Iceland’s historical vegetation 

Iceland holds a unique position in terms of world ecosystems, due in large part to its soils. 

The island’s geology is overwhelmingly influenced by relatively recent extrusive 

volcanism which forms the main parent material for its soils. On a geologic timescale, soil 

formation is as recent as 10,000 years ago, coinciding with the end of the last glacial period 

(Arnalds et al., 1995). The major basis for Icelandic soils is basaltic tephra (Arnalds, 

2008). Tephra is the term for material of any size that is ejected by volcanoes. With this 

considered, it is important to understand the soil foundation on which Icelandic vegetation 

grows and how this differs from other regions dominated by volcanic activity. 

Due to the volcanic origin of Iceland’s soil, it is poorly cohesive and vulnerable to wind 

erosion (Arnalds et al., 2001b). In addition it is vulnerable to cryoturbation, the disturbance 

of soil layers by freeze/ thaw cycles that make distinctive hummocks or thufur (Figure 2) 

in Icelandic (Schunke and Zoltai, 1988) that break and inhibit the root structures of larger 

vascular plants that would bind the soil. As such, Icelandic soils are especially prone to 

aeolian and water erosion processes. 

Thorarinsson (1967) illustrated that the arrival of permanent human settlement in the land 

around Hekla in the late 9
th

 century exacerbated soil erosion. Settlers immediately began 

utilising the land for survival. The resultant combination of forest clearing for fuel, 

agriculture and pastures, as well as the introduction of sheep grazing to an ecosystem 

unaccustomed to this (Magnússon et al., 1997), meant that vegetation receded around 

Hekla (Thorarinsson, 1967; Gísladóttir, 2001). Even though soil erosion is historically high 

around Hekla, as it is for large parts of the Icelandic lowlands (Dugmore et al., 2009), 

sheep grazing on the lava flows is seen to be minimal and constrained to the older flows 

(Bjarnason, 1991). This is an obvious advantage for vegetation growth since Icelandic 

settlement, though existing vegetation is still in a challenging environment. 

The reduction in vegetation cover resulted in a positive feedback loop. With less vegetation 

present to bind the soil, it becomes vulnerable to aeolian (wind driven) processes (Arnalds 

et al., 2001a). This wind erosion then removes previously useful surface nutrients, making 

successful vegetation colonisation problematic (Óskarsson et al., 2004). It is reported to be 

these processes that have left large areas of Iceland barren of vegetation (Arnalds et al., 

2001a).  
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A similar phenomenon is the formation of rofabards (Figure 2). These are erosion 

escarpments in well developed, thick (up to 2m), soils where the root mat has been 

disrupted and erosion has caused an undercutting and eroding the poorly bound soil 

underneath (Arnalds, 2000). These rofabards act as retreating front of vegetation to 

encroaching desertification. 

 

The above indicates that the hospitability of soil for vegetation growth around Hekla is at a 

natural disadvantage.  

2.1.1 Vegetation succession around Hekla 

A modern and specific study into the vegetation of Hekla was provided by Bjarnason 

(1991). Here, the vegetation development was investigated for thirteen lava flows dating 

from 1158 to 1981. Characteristics and variables recorded include the substrate, the flora 

present and local surface temperatures as an analogue for climate. Additionally, a number 

of abiotic factors were catalogued for over 20 sample sites on the various lava flows. These 

include, the age of the lava field, the elevation of the site, the number of tephra fall events 

(which is dependent on the prevailing wind during eruptions), the amount of deposited 

aeolian material, surface roughness and the microsurface (or texture) of the lava flows. The 

importance of some of these factors is detailed under section 2.2. 

Bjarnason (1991) catalogued the composition of Hekla’s vegetation, which is detailed 

under section 3.2.1. However, a brief summary of findings relevant to spatial succession on 

lava flows is presented here. The ICC stage appears to happen rapidly and is not clearly 

dependent on elevation. It is also suggested that the development of a thick Racomitrium 

lanuginosum (hereafter referred to as moss) carpet on the older lava flows is a clear 

example of inhibition in primary succession, where the dominant species makes it difficult 

for other pioneer plants to establish by altering the environment, in this instance creating a 

barrier between new colonist material and the soil substrate (Connell and Slatyer, 1977). 

Figure 2 Examples of thufur in Iceland (Left) and a rofabard in southern Iceland (Right). 
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With the knowledge above, a brief explanation on the applicability of vegetation studies at 

Hekla should be highlighted. Bjarnason (1991) identifies two majors differences between 

vegetation on lava fields in Iceland and those elsewhere in the World. Firstly, similar 

studies only tend to describe primary succession, not later stages, and of those dominating 

species that do occur are not found in Iceland. Secondly, due to differing phytogeography 

(where groupings of plant types occur in the world), the dominant plants that do occur 

elsewhere than Hekla do not grow on lava flows and so are a poor analogue for monitoring 

succession. A prime example is the prevalence of Racomitrium moss species that grow 

elsewhere in places such as Scotland with no recent volcanic history. 

2.2 Vegetation succession on lava flows 

As highlighted in Vilmundardóttir et al. (2018), lava flows reset the landscape ecology 

where they flow. This provides a hard and porous surface which is then an available 

substrate for soil formation and subsequent plant colonisation. 

There are several factors that influence vegetation succession on lava flows. These include: 

microclimate, soil accumulation, surface structure, seed dispersal and germination, and 

retrogression and recovery. 

2.2.1 Microclimate 

Cutler (2011) focused on how vegetation interacts with and establishes within its 

environment in sub-arctic biomes. The author utilised lava flows in at Hekla, giving 

directly pertinent information. As with Vilmundardóttir et al. (2018), Cutler used Hekla’s 

lava flows to form a chronosequence of succession. There is evidence that primary 

succession is heavily affected by microclimate, small differences in temperature, wind 

speed and humidity at sub-metre differences in topography (Bernhardt 1986). Findings in 

Cutler (2011) agreed with this, as moss and shrubs are especially adept at modifying their 

own environment to improve growing conditions by increasing air temperatures and 

stabilising humidity. 

2.2.2 Soil accumulation 

Walker and Del Moral (2003) highlight that the input of loose material onto a surface is 

necessary to add the nutrients and soil water needed for more, and larger, plant growth. 

This is important in an Icelandic landscape as aeolian processes result in large amounts of 

wind-blown soil material being eroded and re-deposited throughout the landscape 

(Arnalds, 2010). This is particularly true in the highland bordered region of Hekla (see 3.2) 

(Thórarinsdóttir and Arnalds, 2010). This is also relevant for Hekla with its frequent tephra 

producing explosive eruptions and potential input from other active nearby volcanoes such 

as Eyjafjallajökull (Arnalds et al., 2013). Lawrence and Neff (2009) reiterate how soil 

formation and ecosystem fertility profoundly benefit from the introduction of aeolian 

material. Supporting this need for soil material on new lava flows, Deligne et al. (2013) 

highlight how floods and syn- and post-eruptive tephra are beneficial to plant 

establishment, growth and survival.  
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2.2.3 Surface structure 

Concerning the type of lava and the manner in which its surface structure affects plant 

succession, Korablev and Neshataeva (2016) detailed how mosses and lichens rapidly 

inhabit blocky ‘a’ā lavas. These are lavas with sharp and extremely rough surfaces, and are 

called apalhraun in Icelandic. Earlier research (Korablev et al., 2014) showed this can 

occur within 30-50 years; a time span comparative with estimates from Vilmundardóttir et 

al. (2018). Korablev and Neshataeva (2016) also suggest that pāhoehoe lavas are better 

suited to retaining finer grained sediment that is beneficial for larger vascular plant species 

(albeit those suited to Russian forests). These are lavas with smooth, ribbon like surfaces, 

called helluhraun in Icelandic. The historical lava flows of Hekla are all of the ‘a’ā, or 

apalhraun type (Bjarnason, 1991). 

Bjarnason (1991) highlights how on the younger lava flows, it can be seen that rough, 

spongy surfaces are adept at capturing R. lanuginosum as well as accumulating aeolian 

material that can provide nutrients to the moss. 

2.2.4 Seed dispersal and germination 

Clarkson (1998) illustrated that, on montane ‘a’ā lava flows in Hawaii, wind-dispersal of 

seeds is key for initial colonisation on lava flows. As Iceland experiences frequent high 

winds and aeolian transport of material (Arnalds et al., 2001a), conditions are favourable 

for moving reproductive plant material to lava flows. 

2.2.5 Retrogression and recovery 

Bjarnason’s (1991) extensive work on Hekla’s lava fields goes beyond describing what 

vegetation was present at the time of surveying. Bjarnason also provided evidence of 

primary succession as well as showing that the vegetation has characteristics of 

regenerating after disturbance, termed retrogression after tephra fall from Hekla’s 

geologically recent eruptions. This is a characteristic that is important enough to be given 

its own stage by Vilmundardóttir et al. (2018) as H/R. 

Tephra has two destructive influences on vegetation succession on Hekla’s vegetation 

(Bjarnason, 1991). Initially, level surfaces can see 15-20 cm of tephra deposited on them 

which can smother the moss, reducing photosynthesis. Also, when blown by the wind, 

tephra can erode and undercut an established moss mat which is more destructive than 

smothering. However, as previously noted, wind-blown tephra also aids soil development 

as substrate for moss to establish onto and brings vital nutrients (Walker and Del Moral, 

2003).  
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2.3 Remote sensing techniques and vegetation 

indices 

The above section lays out the mechanisms of vegetation succession. However, in order to 

understand how the amount of vegetation, or ‘greenness’, of a landscape can be observed 

via satellite sensors, the principles of remote sensing and vegetation indices must be 

detailed. 

2.3.1 Remote sensing principles and multispectral imagery 

When a surface is illuminated by electromagnetic (EM) energy, the molecules of that 

surface will absorb and reflect the incident EM energy (Chuvieco, 2016). The proportion 

of the energy absorbed and reflected, and where this occurs in the EM spectrum (in parts of 

the visible or infrared spectrum), is specific to the ground target observed i.e. bare rock, 

vegetation and water absorb and reflect light differently. Illumination of the surface is 

needed for the purpose of observing reflected light and quantifying reflected energy as 

measured by photo-sensitive instruments (sensors) on satellite platforms. This illumination 

can be provided in two ways; either the Sun can illuminate the Earth and the reflected light 

observed, termed passive sensing, or the instrument observing the Earth can provide its 

own illumination as well as observations, termed active sensing e.g. by radar instruments. 

The current study is concerned with how the surface responds to illumination provided by 

the sun and as such uses information from passive sensors on board satellite platforms. 

The reflected light observed can be quantified in different ways. One such method is via 

grouping wavelengths of light with similar characteristics into useful compartments, or 

bands. Once these bands are defined, i.e. visible light into blue, green and red light and 

infrared light into near infrared (NIR) and short wave infrared (SWIR), the amount of 

energy reflected from these compartmentalised wavelengths can be observed via 

multispectral sensors (Chuvieco, 2016). These sensors are named as such because they are 

built to record multiple, relatively broad, sections of wavelengths such as those named 

above. 

To relate energy observed by sensors to physical quantities that can be interpreted, some 

computation is needed. Optical satellite instruments use photosensitive materials that build 

an electric charge when hit by EM radiation (Cambell and Wynne, 2011) that are then 

recorded by a computer on board as digital numbers, DNs. These DNs, for a single image, 

are then transmitted to Earth for processing. The image’s pixel values need converting 

from relatively meaningless DNs to physical variables, radiance and reflectance so that 

they can be interpreted properly. This process is called radiometric calibration and more 

information on this is detailed under methods. However, to understand what exactly is 

being measured, the distinction between radiance and reflectance should be detailed. 

Radiance is the amount of EM energy that is emitted from a point in the surface. The 

emission is usually the result of reflected light due to illuminated by the sun and is in 

physical units. The distinction between radiance in reflectance is that reflectance is the 

ratio of reflected light, so radiance, to the incoming light, irradiance (Chuvieco, 2016). 

This makes reflectance unitless and more appropriate for comparing how reflective a 

surface is between illumination conditions and times.  
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In remote sensing, there are two further distinctions in reflectance. Top of Atmosphere 

reflectance is that measured above the Earth’s atmosphere. This means that both the 

atmosphere and surface give components to the measurement. Surface reflectance is 

usually calculated rather than measured and removes the atmospheric component from 

reflectance to just leave the component from the surface. 

2.3.2 Vegetation indices and NDVI 

Since the introduction of multispectral instruments after the Cold War (Zhu et al., 2017), 

researchers began developing and then utilising the principle of vegetation absorbing red 

light (≈380-740 nm), for use in photosynthesis, while being highly reflective to NIR light 

(≈750- 2,500 nm). This is a characteristic of a leaf’s cell structure (Tucker, 1979). This 

means that the reflectance of red light on vegetated land is low while the reflectance of 

NIR light is high.  

The intertwined physics and biology of sunlight/vegetation interaction is complex. 

However, Tucker (1979) illustrated that this phenomenon can be observed via remote 

sensing and is applicable for vegetation studies. This happens by utilising the different 

responses of vegetation to incident radiation from the sun. These vegetated areas can be 

differentiated from un-vegetated soils as they only the reflect incident red and infrared 

light moderately (Holme et al., 1987). This is of obvious benefit to the current study as this 

enables the ability to track vegetation growth over time with regular satellite imagery. 

Knowledge on the responses of vegetation to incident sunlight gave rise to the vegetation 

index. These indices are algorithms designed to use the proportions of light reflected from 

the surface to indicate the potential presence of vegetation. As an example, the Normalised 

Difference Vegetation Index (NDVI), as developed by Rouse et al. (1974), is the most 

prevalently used vegetation index and is a measure of ‘greenness’ of vegetation, giving an 

approximation of photosynthetic activity (Asrar et al., 1984). 

The give context to the range of values expected with NDVI, as it is normalised it can 

range from-1 to 1. Negative values, that is approaching -1, correspond to water and clouds. 

Values close to zero, around -0.1 to 0.1, tend to indicate bare rock, sand, or snow. Positive 

values ranging from around 0.2 to 0.4 indicate grassland and vegetation with low 

comparative photosynthetic activity, whereas values from 0.4 to 0.6 are associated with 

light woods. High positive, that is nearing 1, indicate area of forest (typically rainforest) 

where photosynthetic activity is high. 

2.3.3 The ITPCA method for change detection analysis 

A component of the current study focuses on detecting change in the amount of vegetation 

that occurred over two of the eruptions at Hekla, in 1991 and 2000, that were detectable via 

satellite remote sensing (see 4.3.6 for details). The opportunity arose to compare 

differences in vegetation levels against the changes detected via a novel toolbox for 

implementing the Iterative Principal Component Analysis (ITPCA) method (Falco et al., 

2016).  
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To understand why a comparison of NDVI difference images and the ITPCA method 

(Wiemker et al., 1997) is useful, ITPCA must be broadly understood. This method takes all 

of the pixel values for a given image band and plots them against the pixel values at the 

same geographic locations for an image taken at a later time. If the land surface has 

changed then these values will be separated in this plot along a certain ‘change’ axis 

named the second principal component. This method calculates statistics for every pixel in 

every available band, which can range from blue light to several meaningful groups of 

SWIR light for example. When the pixels in an image are iteratively weighted with a 

probability of being a ‘no-change’ pixel or not, that is pixels that do not fall on the second 

principal component, until an iteration is reached where the ‘no change axis’ is stably in 

one location. This gives a high probability that those pixels that are not close to this axis 

are actual changed values and can be used to indicate geographic areas of change. 

Therefore, by utilising a large number of bands, the ITPCA method is able to reliably 

detect more than just vegetative, biotic changes but also abiotic changes in the landscape as 

well. The comparison of these enables identification of change that may inform 

mechanisms in any vegetative changes seen. 

2.4 Remote sensing techniques for monitoring 

vegetation on lava flows 

Remote sensing and vegetation indices have long been used to study vegetation (Rouse et 

al., 1974; Holme et al., 1987). Their use for monitoring lava flows will be detailed; 

however, a brief comparison of different vegetation indices and their applicability to 

Iceland should be outlined. 

2.4.1 Use of different vegetation indices 

The circumstances in which to use different vegetation indices has been the focus of some 

debate within land surface analysis (Lyon et al., 1998).  

Xue and Su (2017) provide a comprehensive review of developments and applications of 

different vegetation indices used since the field of remote sensing started. Their findings 

are summarised below for four commonly used vegetation indices: 

The most commonly used vegetation index is NDVI (Rouse et al., 1974). The reason this is 

commonly used is that, being normalised, it is sensitive to low levels of vegetation. NDVI 

can also be reflective of important ecological variables such as Leaf Area Index (LAI) and 

photosynthesis (Gamon et al., 1995). The drawbacks of NDVI are that it is sensitive to soil 

colour, atmospheric components, cloud and cloud shadow. 

The Soil Adjusted Vegetation Index (SAVI) (Huete, 1988), was designed to combat some 

of the deficiencies of NDVI in describing thick vegetation where some soil is visible to the 

sensor. There have been several iterations of SAVI since its development but the 

underlying principle of accounting for soil properties’ influence on the measure of 

vegetation present (Major et al., 1990; Richardson and Wiegand, 1977) remains the same.  
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A more complex Vegetation Index that takes both soil and atmospheric effects in an image 

into account when estimating the vegetation present is the Enhanced Vegetation Index 

(EVI) (Liu and Huete, 1995). This Vegetation Index is considered to be superior to most of 

its predecessors. However, it is vulnerable to the high variability and noise from the blue 

band in multispectral measurements. This noise is due to atmospheric interference. 

A novel vegetation index is the Plant Phenology Index (PPI). Developed by Jin and 

Eklundh (2014), PPI is more biophysically linked to actual ecological processes in 

vegetated area as it was designed for use in high latitude northern forests. This makes PPI 

more appropriate for studying the phenology of ecosystems (see 6.4.2). Phenology is the 

study of timing in ecosystems, for example when buds first appear annually and when 

leaves begin to fall (Lieth, 1974). 

More generally, vegetation indices can be used as a proxy for vegetation productivity 

across the globe. An example study that focused on circumpolar regions was Walther et al. 

(2018). Here the heterogeneity of high-latitude treeless ecosystems, such as Iceland, was 

detailed, with these areas showing little seasonality and late peaks in greenness. 

2.4.2 Lava flows and the use of vegetation indices 

Vegetation indices are primarily used to study the effects of climate change on ecosystems 

(Tagesson et al., 2012; Epstein et al., 2017). There is cross-over in theme between the 

current study and research that focuses on climate change in Arctic and sub-Arctic regions 

(Tremblay et al., 2012; Olsson et al., 2016), including at Iceland (Raynolds et al., 2015). 

This is expanded upon in 0.  

Vegetation indices are also utilised for time series analysis to monitor vegetation 

succession. An example of this is the monitoring of succession in the Yangtze River Delta, 

China (Zhao et al., 2009). NDVI, EVI, and MSAVI (the modified version of SAVI) were 

all used to show that vegetation succeeded faster and with larger amounts of vegetation the 

further away it was from the sea. 

The use of vegetation indices in volcanology is infrequent but has been shown to be of 

value. For example, Houlié et al. (2006) used NDVI to retrospectively identify dykes that 

indicated where fractures would form at Mt. Etna in Italy and Mt. Nyriagonogo in the 

Democratic Republic of the Congo. This research highlighted how knowledge on volcanic 

and vegetative processes can be combined in the future to prevent damage to human 

infrastructure, as was the case in the aforementioned eruptions. 

On the topic of lava flows, research touches on two factors. The first is that of using field 

studies to examine the dynamics of lava flow vegetation, for example in drought conditions 

(Lohse et al., 1995). Here it was found that elevation was key in determining the location 

where evapotranspiration, the release of water by vegetation, would outmatch precipitation 

and cause stress and mortality. Occasional drought events were considered to play a 

shaping factor in primary succession on lava flows. 
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The second factor is the use of vegetation indices for purposes outside of explicit 

vegetation studies, without treatment of changes. Li et al. (2017) used such methods in the 

classification and age identification of lava flows. Over twenty lava flows at Nyamuragira 

in the Democratic Republic of the Congo were reliably mapped using different 

classification techniques involving NDVI. However, this was not an explicit treatment of 

vegetation or succession over time.  

The combination of the two above factors is not evident in the literature. This makes the 

current study a relatively novel approach to a topic in which field studies were considered 

as the only method to research vegetation dynamics, and succession specifically, on lava 

flow fields. In addition to this, studies that generally focus on sub-Arctic conditions are 

rare. The final niche this study hopes to open up is that of sub-Arctic vegetation dynamics 

in the unique setting of Iceland’s ecosystems. 

2.5 Climate change in the Arctic 

The literature below outlines the current trends and observations for flora and fauna in the 

Arctic that pertain to climate change. 

2.5.1 Vegetation response over large extents 

As the current study indicates, NDVI is a highly useful tool for analysing the vegetative 

response to the world’s fastest changing climate (IPCC, 2013).  

On a global scale, it is apparent that over half of Earth’s land surface is exhibiting 

significant growth trends as monitored via satellite derived NDVI data (Eastman et al., 

2013). These include areas where NDVI shows a uniform increase throughout the year, 

areas where the seasonal increase in NDVI became larger in amplitude but was balanced 

out by increases in the opposite, senescence, amplitude and areas where the seasonal 

summer NDVI maximum increased. The latter area applies to Iceland as well as Taiga and 

Tundra biomes (Eastman et al., 2013). If maintained as the climate changes further in the 

Arctic, this would be beneficial to growth on Iceland’s lava flows. 

Satellite derived NDVI has shown how the GPP changed during the peak growing seasons 

at a site in eastern Greenland over a sixteen year period (Tagesson et al., 2012). GPP is the 

energy produced by plants for growth and maintenance during photosynthesis (Odem and 

Barrett, 2004). This should not be confused with Net Primary Production (NPP), which is 

the energy that is actually fixed by biomass growth (Odem and Barrett, 2004).  It was 

shown that there has been a substantial increase in GPP for many Arctic plant communities 

in eastern Greenland and, in tandem with in-situ measurements over the same time period, 

this increase in GPP coincides with a rapid increase in average surface air temperature 

(0.15
o
C/yr) (Tagesson et al., 2012). This suggests that the rapidly warming Arctic is 

benefiting vegetation growth, an effect that is considered likely to extend to Iceland. 

Tagesson et al. (2012) showed a remarkable link between in-situ observations of absorbed 

energy by plants which, when linearly related to NDVI, indicated that satellite based 

measurements were an acceptable proxy for GPP. This method is a substantially more 

practical proposition for monitoring changes in Arctic vegetation and plant productivity 

compared to needing myriad in-situ monitoring sites across several countries. 
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Not every study of change in the Arctic biome indicates future plant growth. Some indicate 

highlight Arctic ‘browning’ (Epstein et al., 2017). This is the opposite of the ‘greening’ 

mentioned above with the NDVI studies (Eastman et al., 2013; Tagesson et al., 2012). 

While the net effect across the Arctic appears to be greening, areas away from maritime 

weather such as western Alaska and the western Siberian tundra are seeing a decrease in 

vegetation cover and density (Epstein et al., 2017) due to a number of factors such as 

atmospheric temperature, precipitation, melting permafrost and herbivore grazing; each 

playing a part in the vegetation dynamics of the changing Arctic.  

2.5.2 Faunal changes 

The discussion so far has focused on the flora of the Arctic. However, fauna have an 

important role to play in changing biotic dynamics. Olsson et al. (2016) used NDVI 

measurements from satellite sensors to monitor the extent of forest disturbance from insect 

attacks, primarily by moth, that are increasing in intensity and expanding northerly extent 

as the high latitudes warm (Netherer and Schopf, 2010). As with migrating woody shrubs, 

this may not be an issue for Iceland if those moth species are not present. Despite the 

above, a warmer climate may make Iceland more vulnerable to invasive species, such as 

normally cold intolerant moths, being able to establish as has happened for subarctic birch 

in Alaska (Jepsen et al., 2007). 

2.5.3 Vegetation composition changes 

A major component of Arctic vegetative change is that of advancing woody shrubs 

northward (Tremblay et al., 2012). Two series of orthophotos were used to compare woody 

shrub advance on the northern coast of Canada in Nunavik over a 40-year time span. 

Woody shrubs are any shrub species that can support itself off the ground, including birch 

found at Hekla. It was found that erect shrubs were colonising warmer areas in Nunavik 

and encroaching northwards. Furthermore, altitude, slope of terrain and exposure to 

prevailing winds made little difference on the vegetation advance seen in the study area. 

The main finding was that areas of light shrub coverage were largely taken over by denser 

coverage of shrub and trees (Tremblay et al., 2012). In the context of Iceland’s vegetation, 

there is no land or southern shrub species to move north from below the country. However, 

it may be the case in the future that already established shrubs will colonise lava flows 

more effectively, or that introduced species will find lava flows more hospitable as the 

climate warms. 

Following on from encroaching shrubland in the Arctic, biotic changes should not be 

viewed purely in their own ecosystem as a closed process. Research has moved beyond 

local impacts and investigated the effect of tundra to shrubland transition in the Arctic for 

the global energy balance (Sturm et al., 2005; Bjorkman et al., 2018). This concerns the 

manner in which novel, dark, vegetation changes the albedo of an area. Albedo is the 

fraction of incoming solar radiation that is reflected back into space (Chuvieco, 2016). As 

an example, during winter months where there is bright, reflective snow on the ground the 

albedo is high and during summer months were darker vegetation is visible, the albedo is 

low. 

https://www.mdpi.com/2072-4292/5/10/4799/htm
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3 Study site 

Details on Hekla volcano and its surrounding area have been listed in the previous chapter, 

including literature surrounding vegetation succession at Hekla. Iceland occupies two 

niches with regard to this research area. It is a place of relatively frequent lava flow 

emplacement with many areas to study vegetation succession on lava flows. Iceland is also 

a sub-Arctic region with corresponding unique vegetation types and is vulnerable to the 

rapidly changing climate at high latitudes (IPCC, 2013). What follows places Hekla into 

the context of the Icelandic landscape and introduces the vegetation present on Hekla’s 

lava flows. 

3.1 Iceland’s volcanic character and climate 

Iceland is situated on the Mid-Atlantic ridge between the latitudes of 64° 24’ and 66° 32’ 

N. This defines Iceland as a sub-Arctic country, but unlike other locations this far north, 

Iceland experiences a relatively mild climate due to influence from the warm waters of the 

Gulf Stream (Einarsson, 1984). 

Iceland is being pulled apart, approximately down the centre, by the North American and 

Eurasian tectonic plates moving apart. Because of this, Iceland is very volcanically active 

(Figure 3). Iceland’s continual land formation and tectonic activity means that it is 

mountainous and around 75% of its land rises above 200m.  

Iceland’s weather is defined by interaction of warm, moist oceanic air against the cold, dry 

air of the Arctic. This results in weather conditions that can change suddenly and is prone 

to high wind speeds (Einarsson, 1984). This is to say that, despite mild temperatures, 

Iceland experiences frequent storms and cloudy weather. The strong winds and sudden 

shifts in temperature present a challenging environment for juvenile, developing plants 

(Bjarnason, 1991).  

Figure 3 Volanic systems of Iceland for locating the N. American and Eurasian Plates. 

West of the tholeiitic zones (red) is the N. American plate, east is the Eurasian plate. 

Adapated from Jakobsson et al. (2008). 
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3.2 Mt. Hekla 

Hekla is one of the most eruptive volcanoes in Iceland (Thorarinsson, 1967). In historical 

time, Hekla has erupted both explosively and effusively as well as a combination of both. 

This means it has produced multiple layers of tephra as well as a multitude of lava flows in 

recent historical time (Pedersen et al., 2018).  

Iceland can be delineated by its highlands and lowlands (Figure 4). Hekla volcano stands 

on the border of the southern lowlands in area with some of its north east footprint 

extending into the central highlands. 

 

Figure 4 Hekla Volcano's Location with respect to the highlands and lowlands of Iceland. 

Adapted from Pethrus (2010). 

 

Pedersen et al. (2018) mapped historical lava flows at Hekla and this is put into the context 

of the position of Hekla within Iceland as well as the division in elevation between the 

lowland plateaus and the highlands of Southern Iceland (Figure 5). 

3.2.1 Plant cover in the Hekla area 

Generally, there is less vegetation in the highland areas to the E and NE of Hekla’s 

summit, while the lowlands to the SW see more vegetation cover (Bjarnason, 1991; 

Vilmundardóttir et al., 2018). Vilmundardóttir et al. (2018) detail from their field studies 

that the highland section of Hekla is less hospitable to vegetation. This area sees lower 

mean temperatures, longer snow-lie and a higher frequency of Hekla’s tephra plumes 

falling in that direction, including the 1980, 1991 and 2000 eruptions (Grönvold et al., 

1983; Gudmundsson et al., 1992; Lacasse et al., 2004), which are considered concomitant 

with H/R conditions in north east of Hekla’s main vents.  

  

Legend

Highland Lowland
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Figure 5 Map to show the locations of Hekla’s lava flow 

as mapped by Pedersen et al. (2018) and the location of Hekla within Iceland (inset). 

 

Concerning this divide in the vegetative terrain of Hekla, Vilmundardóttir et al. (2018) 

suggest that another defining difference is the degradation of the surrounding land during 

the 12
th

 century’s ‘Little Ice Age’ (Grove, 2001). This is relevant to the current study as, 

during that time, a combination of tephra fall from Hekla and strong winds eroded the 

landscape, redistributing tephra onto vegetated land and causing the displacement of the 

local farming populace. These events resulted in an area of mineral rich and shifting sands, 

largely unsuitable substrate for vegetation succession (Hreiðarsdóttir et al., 2015). 

Modern Iceland has distinctive vegetation, characterised by an abundance of moss mats of 

the moss species Racomitrium lanuginosum and a scarcity of vascular plants, namely 

shrubs and trees (Bjarnason, 1991).  

The near uniformity and lack of a vascular plant canopy does somewhat limit the global 

applicability of the current research into vegetation succession on lava flows in other 

locations than Iceland. However, due to their prevalence, the moss mats on Hekla’s lava 

flows must be detailed. 
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This moss dominates many landscapes in Iceland, as is the case in other maritime Arctic 

biomes (Tallis, 1958), except for in wetland habitats. The older lava flows (from 1148 to 

1947) are dominated by moss carpets that form ‘heiðar’ in Icelandic. Heiðar are landscapes 

roughly equivalent to heathland in English, and are characterised by being in high 

elevation, open and tussocked land. Prime examples of this thick moss carpet are on 

sections of the 1300, 1389-90, 1554 and 1725 lava flows which do not also have birch trees 

on them. The exceptions to this are those lava flows that extent into the highlands to the 

NE. This is for the 1878 flow and the 1913 flow where very few vascular plant individuals 

were present at the time of study and the moss carpet was not considered extensive or 

thick. 

Recent lava flows: In Bjarnason (1991), these younger lava flows are here named as the 

1970 and 1980-81 flows. However, the 1991 and 2000 flows were available for analysis in 

the current study and are also considered to be in the category of younger flows. When the 

1970 lava flow was investigated in 1991, there were very few vascular plant individuals 

and sparse moss coverage. The 1970 lava flow has several extent that flowed in different 

directions from Hekla’s summit. One such flow extends from Hekla’s summit into the 

lowlands to the south west and another extends into the highlands to the north. This north 

flow has the compounded effect of being in the higher elevation, less vegetation 

hospitable, highlands as well as having the 1980-81, 1991 and 2000 eruptions’ tephra fall 

cover the area (Bjarnason, 1991; The 1980-81 was sparsely vegetated at the time of 

Bjarnason’s (1991) study. However, by 2015 the 1981 lava flow was considered to be well 

into the ICC succession stage (Vilmundardóttir et al., 2018).  

Tephra from the 1980, 1991 and 2000 eruptions followed the prevailing wind to the north 

and north, north east. This meant tephra fall was extensive on the 1970 and 1980-81 lava 

flows to the north (Grönvold et al., 1983; Gudmundsson et al., 1992; Lacasse et al., 2004), 

Downy birch trees (Betula pubescens) can be found on the 1300 and the 1389-90 lava 

flows (Bjarnason, 1991; Vilmundardóttir et al., 2018). The peak greenness of the birch 

growing season should be around the middle of June with leaves senescing and falling by 

the end of September and October respectively (Bjarnason, 1991). 
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4 Methods 

The monitoring of vegetation over large spatial extents is almost entirely reliant on 

multispectral information acquired from satellites (see 2.3.2). The following details the 

data used with sources and methods used for analysis. 

4.1 Data used 

All of the analysis presented in the current study was reliant on multispectral Landsat 

images (USGS, 2019a). These were used to construct a time series of growing season 

NDVI values as an analogue for peak vegetation quantities, to compare the amount of 

vegetation to altitude and to create change detection maps over key time periods in the 

timespan of Hekla’s satellite observable history. 

4.1.1 Landsat time series data 

The multispectral data used in the current study was obtained from several instruments on 

board the Landsat series of satellite platforms. These platforms were launched by the 

National Aeronautics and Space Administration (NASA) and have their data distributed by 

the United States Geological Survey (USGS) on their EarthExplorer website platform 

(USGS, 2019a). The successive multispectral instruments on board the Landsat 5, 7 and 8 

satellites are the Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+) and 

the Operational Land Imager (OLI) respectively (see for Table 1 specifications). 

Table 1 Landsat sensor specifications. 
Sensor Platform Years of Operation Bands Used Spectral 

Ranges (μm) 

Spatial 

Resolution 

(m) 

TM Landsat 5 1984-2013 Band 3- Red 

Band 4- NIR 

0.63 - 0.69 

0.76 - 0.90 

30 x 30 

30 x 30 

ETM+ Landsat 7 1999-Present (SLC failure 

in 2003) 

Band 3- Red 

Band 4- NIR 

0.63 - 0.69 

0.77 - 0.90 

30 x 30 

30 x 30 

OLI Landsat 8 2013-Present Band 4- Red 

Band 5- NIR 

0.636 - 0.673 

0.851 - 0.879 

30 x 30 

30 x 30 

 

Georeferenced Tagged Image File Format (GEOTIFF) images were provided for analysis. 

These contain several separate images for the bands used by the different instruments used 

for capture. Metadata files were attached and were used for band specific parameters, 

needed to correct the images (see 4.2.1).  

One image per year was selected covering Hekla volcano for the months of July and 

August, with a preference for August images. This period of the year should be where the 

local vegetation’s phenology means it is at peak greenness (Thórhallsdóttir, 1998). 

However, studies into the actual phenological markers such as the start of season (SOS) 

and length of season (LOS) have not been explicitly detailed for Iceland. As such the 

timing of peak vegetation in this study should be viewed with uncertainty (see 6.4). Being 

able to capture peak greenness is of obvious importance for capturing NDVI for the known 

birch tree stands on Hekla’s older lava flows when they are in full leaf. 
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There are exceptions to only analysing images within the supposed growing season. These 

are images for 17
th

 September 1984, 12
th

 September 1988, 26
th

 October 2001 and 20
th

 

September 2014. These images were needed to match those used in the creation of the 

ITPCA change detection maps of Hekla (see 2.3.3). 

A challenge with passive remote sensing over Iceland is that, due to its proximity to both 

the Arctic Circle and the Gulf Stream, cloud cover often obscures land in the region of 

Hekla (Einarsson, 1984) in captured images. For this reason, July and August were also 

chosen due to these summer months usually being those with the least cloud coverage 

(Einarsson, 1984). This increased the likelihood of obtaining unobstructed images with the 

passive sensors of the Landsat satellites.  

Despite the above stipulations, the lack of availability for sufficiently cloudless images 

meant that some years had an image from September representing that year’s growing 

season.  A list of images used in analysis along with the dates, Landsat platforms, sensors 

and their band designations for red and NIR wavelengths (as the band number differs from 

sensor to sensor) is provided in Appendix A. 

All data used were at 30m spatial resolution. The widest point of any of the flows is around 

2km wide and the longest flow is around 15km in length. This results in a detailed 

perspective within the borders of Hekla’s lava flows at an acceptable resolution. The return 

time (interval between image capture of the same location) of all the Landsat satellites is 

16 days and, with a size of approximately 170km N-S by 183km E-W, the images are large 

enough and centred appropriately as to capture the full extent of Hekla’s lava flow fields 

without the need to mosaic images from similar dates. 

While two images that covered Hekla and were unobstructed by cloud were available for 

1973 and 1983, they were excluded from analysis due to severe banding, an image artefact 

phenomenon where apparent parallel lines of differing intensity are seen. This is usually 

caused by an error at the sensor level before processing. These two images also had a 

spatial resolution of 60m from the Multispectral Scanner System (MSS), an earlier 

generation of multispectral sensor on board Landsat 1 and 4 respectively. Only using 30m 

spatial resolution data from later generations of sensor was preferable to ensure the 

maximum detail available when qualitatively analysing maps of vegetation change. 

However, the maximum spatial resolution of these images could be improved by pan-

sharpening. This technique uses panchromatic images, which are images spanning a large 

range of wavelengths, at a higher spatial resolution to multispectral images to essentially 

split pixel values in the original MSS image into discrete values at the resolution of the 

panchromatic images (Chuvieco, 2016). 

Due to a technical fault of the Scan Line Corrector (SLC) component on board the Landsat 

7 platform 2003, there is a major shortage of images over Hekla that are acceptable for 

spatial analysis from 2000 to 2013. This fault caused large gaps in image information 

where scanned lines did not align correctly (Figure 6). As a result, only one cloudless 

image from Landsat 5 was available for 2009 as this platform had exceeded its planned 

mission life and was operational for that image.  
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In terms of measurement uncertainty, OLI (on board Landsat 8) has a higher radiometric 

resolution than previous generations of Landsat multispectral sensors (USGS, 2019a). This 

results in more discrete values of data being able to be captured as DN. Essentially, there 

are more available slots for an observation to fit into, increasing the measurement 

accuracy. This factor is not considered to impact analysis as the difference in the certainty 

of observations is deemed negligible, even though previous generations of sensors used 

have less measurement precision. 

  

Figure 6 Example SLC failure for Landsat 7. 

The black bands are caused by successive scans along the satellite track not 

aligning. This image is a colour composite from 25
th

 September 2010. 
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4.1.2 Digital elevation model data 

In order to investigate potential correlation of NDVI with elevation as a proxy for 

temperature, a Digital Elevation Model (DEM) of the Hekla area was used. The majority of 

the DEM used is from a LiDAR survey in 2015 with data provided by the EMMIRS 

project (Pedersen et al., 2018). Holes the DEM were filled by data from the TANDEM-X 

project by the German Space Agency (DLR). 

The spatial resolution of the DEM used is 0.2m. This is high compared to DEMs from 

other sources. However, in order to make them comparable spatially to the Landsat data, at 

30m spatial resolution, the DEM was resampled, a GIS term for changing the spatial size 

of pixels, within a Geographical Information System (GIS) to match the 30m resolution. 

4.2 Data preparation 

There were several stages to ensure that the data from each Landsat image was, free of any 

factors that would compromise being able to fairly compare NDVI from year to year. This 

included radiometric calibration and masking out clouds and snow from images. 

Calculations and operations were performed within GIS software, ArcMap version 10.5.1. 

4.2.1 Radiometric calibration to top of atmosphere reflectance 

To have comparable images for time series analysis, each Landsat image was processed to 

top of atmosphere reflectance (TOA). As previously mentioned (see 0), reflectance is the 

ratio of the reflected energy from the target to the total incoming radiation from the sun, 

with values between 0 and 1.  

TOA reflectance is an aptly descriptive term as the reflectance calculated is that from the 

boundary of the planet’s atmosphere, through the vacuum of space, to the sensor. This 

indicates that there is an atmospheric column through which the Sun’s energy must pass 

twice, from space, to atmosphere, to ground target and back again. As such, images need a 

correction that accounts for the differing illumination angles between images captured at 

different times of the year, assuming a nadir viewing angle. This is because the reflectance 

calculated must assume the energy is being reflected straight back up and not at an angle to 

be valid. Images from different times and sensors must also be corrected for differing gain 

and bias, this is the rate of energy measured and error respectively. The correction to TOA 

reflection below also accounts for sensor drift (Campbell, 2011) between images and 

differing electronic components between sensors. 
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The formula for conversion from DN to TOA, as given from (USGS, 2019b) is given 

below:  

𝜌𝜆′ =  𝑀𝜌 ∙ 𝑄𝑐𝑎𝑙 +  𝐴𝜌                       (1) 

where 

𝜌𝜆′ is the TOA planetary reflectance, without correction for solar angle; 

Mρ is the Band-specific multiplicative rescaling factor from the metadata (named 

REFLECTANCE_MULT_BAND_x in the metadata, where x is the band number); 

Aρ   is the Band-specific additive rescaling factor (named 

REFLECTANCE_ADD_BAND_x in the metadata, where x is the band number); and 

Qcal  is   Quantized and calibrated standard product pixel values (DN). 

 

Accounting for the angle of illumination (sun angle): 

𝜌𝜆 =
𝜌𝜆′

𝑐𝑜𝑠 (𝜃𝑆𝑍)
=

𝜌𝜆′

𝑠𝑖𝑛 (𝜃𝑆𝐸)
         (2) 

where 

𝜌𝜆 is the TOA planetary reflectance; 

θSE is the local sun elevation angle (at the centre of the image) and  

θSZ is the Local solar zenith angle (θSZ = 90° - θSE). 

Each Landsat image selected had its red and NIR bands corrected in ArcMap using the 

appropriate values of rescaling factors: ‘REFLECTANCE_MULT_BAND_x’ and 

‘REFLECTANCE_ADD_BAND_x’ from the metadata files prepared by USGS (2019a). 

4.2.2 Masking out ice and cloud 

The Icelandic climate presents an especially challenging environment for studying the land 

surface and vegetation from space. This is due to frequent cloud cover and seasonally 

erratic snowfall at mountain peaks (Einarsson, 1984), even during summer months. 

As cloud presence in an image gives unrealistic NDVI values (see 4.3.1 for the formula), 

clouds and snow cover on the lava fields were removed from each NDVI image. This was 

done by using the Band Quality Indicator (BQI) mask files provided with each Landsat 

image. At locations where there were cloud and ice indicated in the BQI file, the pixels 

were replaced with null values in the image. An example of a masked image is presented in 

Appendix B. 

Where cloud shadow remnants were still visible optically, as those remnant pixels were 

darker than pixels directly illuminated by the sun, a threshold value was used to create a 

mask to remove those pixels from all necessary bands. The threshold values is specific to 

each image but was taken from a band where cloud shadowed pixels were most different to 

other pixels. 
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4.2.3 Sources of uncertainty in landsat images 

To give an impression of how reliable the data used is, sources of uncertainty are listed 

here. 

There is a ±15min time gap for each local time when each image is captured, which 

marginally changes the sun elevation correction needed for each image. The Landsat data 

used is only corrected to TOA, not surface reflectance so the NDVI values calculated are 

affected by interference from the atmospheric column at the time of capture. In the same 

vein, there are of course measurement errors in satellite imagery as with any other form of 

measurement. There is some banding in images from Landsat 5’s TM instrument which 

gives inconsistent values in calculations. However, these artefacts are not considered to 

have a disqualifying influence on the time series analysis. 

4.3 Vegetation index calculation and statistical 
methods 

After pre-processing, estimation of the vegetation present and statistical tests for time 

series analysis, correlation with elevation and identification of anomalies from the mean 

values of the time period were performed. Statistic calculation and related plots were 

performed in programming in Python. 

4.3.1 NDVI calculation 

NDVI can be defined as (Rouse et al, 1973):  

𝑁𝐷𝑉𝐼 =
𝑁𝐼𝑅−𝑅𝑒𝑑

𝑁𝐼𝑅+𝑅𝑒𝑑
           (3) 

Each pair of radiometrically corrected and cloud/ice masked Landsat image bands, NIR 

and red, were used to calculate NDVI for that year within GIS. 

4.3.2 Rationale for isolating example lava flows and elevations 

The lava flow outlines were provided as shapefiles for use in GIS, (Pedersen et al., 2018) 

and form the basis for where to extract values of NDVI and elevation for analysis. 

A selection of Hekla’s lava flows were highlighted for individual analysis to investigate 

potential changes in vegetation. The selected lava flows for analysis, along with the 

rationale for choosing these flows over others, is presented here (Table 2):  
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Table 2 Lava flow fields selected for analysis. 
Year of Lava 

Flow 

Emplacement  

Rationale 

1300 This flow has a large extent and is largely uncovered by subsequent lava flows. It is SW 

of Hekla and avoided major tephra deposition from the 1980, 1991 and 2000 eruptions. 

Therefore, this is a good location were retrogression from tephra smothering should not 

be as large a factor. The lowest elevation of this flow has reached the VPD stage. 

1389-90 This flow is relatively close to the 1300 lava flow in time so similar analogue to compare 

succession against. 

1554 This flow is adjacent to the 1300 flow so should be comparable in terms of the extent of 

influence by tephra deposition and microclimate over the centuries. 

1725 This flow is both relatively highly vegetated at low elevations to the SW and has a long 

range of elevations. 

1970 This flow goes N and S and so vegetation succession under the influence of tephra 

deposition can be explored. The end of the SW flow also appears to be highly vegetated 

relative to the rest of the flow. 

1980-81 This flow was emplaced just 3 years before the time series used in this study and so 

gives almost entirely direct observations of potential vegetation succession for available 

data. 

1991 It is possible with this flow to view the vegetation before and after the emplacement of 

the lava. 

2000 As with the 1991 flow it is possible to view the vegetation before and after the 

emplacement of the lava. 

 

4.3.3 Time series of NDVI development 

Time series of NDVI development were constructed to provide spatial analysis for 

vegetation succession of Hekla’s lava flows. An analysis was made of every coincident 

pixel from each masked NDVI image over time and for each selected lava flow. Each 

highlighted lava flow also had its corresponding NDVI pixels analysed against discretised 

elevation data (Figure 7). The elevation steps used were in 100m wide sections at 100m 

intervals up to 900m. 
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Figure 7 Elevations sections and example sample points for the pixel locations of the 1300 

lava flow. 

The background is a colour image of Hekla for 2017 from Landsat 8. 

 

The steps taken within GIS are: 

1. With any image, turn each selected lava flows’ pixels into a point. 

2. Use the points as a sample location for all stacked NDVI years and resampled 

DEM. 

3. Re-class the DEM to elevation bands. 

4. Convert each elevation band from raster to polygon, keeping the shape of pixels. 

5. Segregate each lava flows’ pixels by elevation to create bands of sample points.  

6. Sample each NDVI image and DEM for each year and elevation to get values from 

all years and DEM in a table for plotting. 

Each pixel had a mean value calculated for all stacked NDVI images over the time series. 

These mean values had a trend calculated for each group of pixels in an elevation step. The 

goodness of fit of each trend was evaluated with its associated coefficient of determination, 

r
2
, which gives a quantification of the variance in linear regression. 

4.3.4 Regression analysis of NDVI and elevation 

In order to evaluate the likelihood of a causal relationship between NDVI and elevation, 

the DEM values were plotted against the pixel values for each highlighted lava flow. 

Goodness of fit and analysis of correlation were then evaluated using coefficients of 

determination (r
2
) and Pearson’s correlation coefficient (r) respectively. Pearson’s 

correlation coefficient is appropriate as both datasets are normally distributed.  
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4.3.5 Anomaly maps and z statistic  

Z score anomaly maps were to analysing how different the vegetation amount was for the 

most recent year observed, 2017, from the mean vegetation amount in the observations’ 

timespan.  

The expression for calculating the z-score is presented below: 

 

  𝑧 =
𝑥−�̅�

𝑆
           (4) 

where 

z is the standard score; 

𝑥 is the pixel value at a certain location; 

�̅� is the mean value for all pixels in the time series at the same location as 𝑥 and 

S is the standard deviation for all pixels in the time series at the same location as 𝑥. 

For the sample of all pixel locations of every image used in analysis, z scores are a 

quantification of how a single value in a sample, in this instance this is pixel values at a 

certain location in one Landsat image, differs from the mean of all the sample (Watts and 

Halliwell, 1996). This difference is expressed in terms of the standard deviation of the 

sample and can be negative, indicating the single pixel value is below the mean value for 

all pixels at that location, or positive, indicating that the value is above the mean. 

Put in a geographic context, the anomalies from the mean for every pixel in a given image 

can give an illustration of areas on the ground where change has occurred. 

Not every pixel location has the same number of values for the mean, affecting the 

uncertainty in some mean values from disproportionate influences of outliers. This is 

because some values were masked out where there was cloud or snow. This is especially 

true around Hekla’s summit where there is snow cover in some images that were masked 

out. 
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4.3.6 Difference change detection and comparison of NDVI and 

ITPCA method 

NDVI difference images, subtracting pixel values of a later date from an earlier date, were 

qualitatively compared with change detection maps calculated by Falco et al. (2016) (see 

2.3.3). The years between which the images were differenced are: 1998 to 2014, 1998 to 

2001, 1988 to 1998 and 1984 to 1998. These comparisons allow for identification of areas 

where both difference images agree or disagree in the direction of change to be identified, 

theoretically revealing areas in which non-vegetative changes have occurred in the ITPCA 

made maps. 

The years for comparison chosen span the eruption events of 1991 and 2000 and so 

provide a reasonable scenario in which to study change detection. This allows for new, 

unvegetated lava flows to be investigated for patterns of both vegetation destruction and 

succession when compared with NDVI change detection maps. 

The values presented in the NDVI differences are dimensionless while the ITPCA values 

are presented in probabilities of change. While these two units, or lack thereof, are not 

directly comparable they both indicate areas of change and so can be compared. 

For visual comparison, the red values indicate negative change (a decrease) and the green 

indicate positive change (an increase) in the NDVI maps. The difference maps using 

ITPCA have a single colour gradient from low to high change with the most extreme 

values of where there was snow being removed to bring focus onto the vegetated areas 

which had substantially lower change values. The display stretches are by standard 

deviation (2.5) to better reflect the areas of most change.   
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5 Results 

Several lava flows have been focused upon to investigate whether vegetation dynamics can 

be observed in this region that is so dominated by volcanic processes. Analysis of the 

Landsat images yielded multiple observations of vegetation dynamics at Hekla, including 

time series of NDVI, correlation of NDVI with elevation and enabled comparison of NDVI 

change detection with the ITPCA method. 

5.1 Time series of NDVI 

The NDVI development over time (Figure 8) for the 1300 lava flow shows that the amount 

of vegetation on this flow has increased from 1984 to 2017, in every elevation and, as 

supported by correlation coefficients ranging from 0.70 to 0.85. This positive relationship 

with time is true of every lava flow isolated for sampling (see Appendix C). Lower 

elevations have consistently larger mean NDVI values.  

There appears to be a steeper increasing trend in NDVI over time at lower elevations. 

Pearson’s Correlation Coefficient (r values) values indicate steeper gradients of NDVI 

increase over time at lower elevations. 

For a large number of pixels sampled, there are anomalous spikes in maximum NDVI 

values for the years of 1986 and 1992. These larger deviations from the mean NDVI for 

each year are more pronounced at lower elevations. That is, the affected pixels are of larger 

magnitude and appear to be coincident with higher mean NDVI values.  

In the later lava flows, such as for 1980 (Figure 9), this effect is not seen so acutely on the 

mean values. However, it should be noted that this flow is at higher elevations and has 

lower, per pixel, NDVI values than for the 1300 flow. 
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Figure 8 Changes in NDVI over time for the 1300 lava flow. 

The red line indicates the mean trend in NDVI. Darker shades of grey indicate lower 

elevations. 
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Figure 9 Changes in NDVI over time for the 1980 lava flow. 

The red line indicates the mean trend in NDVI. Darker shades of grey indicate lower 

elevations. 
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In a linear regression of the variance of each year’s mean NDVI, the r
2
 values are around 

0.5. However, for the older more vegetated lava flows, the r
2
 values are lower at lower 

elevations (Figure 8; Figure 9). This is attributed in part to the anomalous peaks described 

earlier. 

To further investigate the anomalous peaks seen, a comparison was made between a 

representative sections of thick moss cover, little moss cover and birch area (Figure 10). 

Figure 10 NDVI time series of sample areas on the 1300 lava flow.  

These are birch (top), thick moss (middle) and light moss cover (bottom) The red line 

indicates the mean trend in NDVI. Darker shades of grey indicate lower elevations. 

 

The anomalous peaks in mean NDVI seen in 1986 and 1992 appear be less pronounced in 

the birch area than for the moss areas. Also, the thick moss appears to show larger 

variation around the mean. 
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5.2 Relationship of NDVI to elevation 

The correlation between NDVI values and elevation for the 1725 lava flow indicates a 

negative relationship between the two (Figure 11). This lava flow is judged to be a fair 

representation of the distribution of NDVI values over a large range of elevations towards 

Hekla’s summit as compared to other, shorter lava flows. Relationships with other lava 

flows are presented in Appendix D. 

 
Figure 11 NDVI plotted against elevation for the 1725 lava flow. 

The red line indicates the mean trend in NDVI. 

There is high variance in NDVI depending on the sample elevation, as indicated by low r
2
 

(at or below 0.5) values. This is true of all of the lava flows sampled. However, the older 

lava flows had much lower r
2 

values (<0.15) than their younger counterparts. The later lava 

flows in age had higher r
2
 values (>0.2 and up to 0.47 for the 1991 flow), though not large 

enough to indicate that there is a significant causal link between NDVI and elevation. It 

should be noted that the older lava flows (1300, 1389, 1554, 1725) had elevation ranges 

that were lower (200-700m) than the younger lava flows (500-1550m). 

 

Despite large variability in NDVI with elevation, all of the lava flows sampled exhibited a 

negative correlation of NDVI with elevation with r values from -0.07to -0.71.  



34 

5.3 NDVI anomalies 

A comparison was made between the mean NDVI around Hekla from 1984 - 2017 and the 

NDVI anomalies of 2017 to the 1984 - 2017 mean (Figure 15).  

Over the broad extend of the Hekla area, the mean indicates that there is more vegetation 

to the SW of Hekla’s summit and less vegetation to the S and NNE. In comparison to mean 

values, the anomalies indicate that by 2017, all of the lava flows saw an increase in 

vegetation on the lava flows. This is true even where the mean vegetation is very low.  

Despite every flow having gained vegetation, the older lava flows of 1300 and 1389-90 to 

the SW changed less than younger lava flows, looking near static to the mean. This is with 

the exception of more vegetation growth at the end of the 1300 lava flow (Figure 12; Figure 

15, point A) where there is established birch. 

 

Figure 12 Maps to show the birch area on the 1300 lava flow over the NDVI anomalies for 

2017. 
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There is an area of anomaly decrease between the 1980-81 and 1971 lava flows to the N of 

Hekla’s summit (Figure 13; Figure 15, point B). 

 

Figure 13 Maps to show the anomalous decrease in NDVI north of Hekla's summit over 

the NDVI anomalies for 2017. 

 

Another notable decrease is that of a small patch that on the southernmost edge of the 

1389-90 lava flow (Figure 14; Figure 15, point C) that corresponds with the location of a 

farm and sand dune. 

 

Figure 14 Maps to show the high and low NDVI at Selsund Farm and a nearby sand dune 

respectively over the NDVI anomalies for 2017. 
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Figure 15 Maps to show NDVI anomalies for 2017 

That is, the mean calculated NDVI values for each cell of the 1984 – 2017 Landsat images (left) and 

the standard score (z) anomalies of the calculated 2017 NDVI to the 1984 - 2017 mean (right). Lava 

flows are labelled (black text). Areas of interest are (red letters): A is the birch area on the 1300 

lava flow; B is an area with anomalous decrease; C is an area with a sand dune and farm. 
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5.4 Comparison with ITPCA change detection 

The comparisons between the NDVI difference images and the maps made using the 

ITPCA method, hereafter named ITPCA, tend to agree spatially in the areas in which 

change occurred.  

 

The differences between 1994 and 1988 for the ITPCA and NDVI appear to indicate high 

change within the boundary of the 1991 eruption’s lava flow (Figure 16; Figure 17). 

Positive NDVI and ITPCA change is apparent at the end (further away from the summit) 

of the 1980-81 lava flow. There appears to be negative change in NDVI at the end of the 

1300 flow. However, this change is not consistent with the change detected in the ITPCA. 

The ITPCA saw a less change in the birch area than was apparent for NDVI which had 

similar values across a larger extent of the 1300 flow. 

 

Intuitively, the 1998 to 1988 difference shows largely similar results spatially to the 1994 

to 1988 difference for both NDVI and the ITPCA but with visibly larger magnitude 

changes (Figure 17; Figure 18). For the 4 year longer time span there does appear to be 

higher (positive) change in NDVI on the end of the 1991 lava flow (Figure 16). The 1300 

flow’s birch area also see a reversal in NDVI change from negative to positive. 

  

Figure 16 NDVI difference image for the 1991 lava flow at Hekla. 

The differences are between 1994 and 1988 (left) and 1998 and 1988 (right). 
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Figure 17 Comparison of NDVI and ITPCA change detection (difference) maps for 

1994-1988. 
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Figure 18 Comparison of NDVI and ITPCA change detection (difference) maps for 

1998-1988. 
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Regarding the 2001 to 1998 difference maps; there are changes in the ITPCA for where the 

2000 flow travelled. However, these changes appear to be smaller in magnitude than 

change detected in the NDVI map (Figure 20). The ITPCA change values were 

significantly larger in the SW zone than the rest of the study area, despite an eruption 

taking place during this period. Even with the display stretch, this makes it difficult to 

examine the 2000 flow’s changes in the ITPCA map. 

 

Regarding the 2014 to 1998 difference; the SW 1980-81 flow’s end sees a high NDVI 

increase which is not reflected as high (relative to surrounding values) in the ITPCA 

(Figure 21). Also, the 2000 flow going S sees no appreciable increase in NDVI but the SW 

2000 flow does see a modest increase. Also, a decrease in NDVI can be seen in this image 

near the vent cones of Rauðubjallar the south west (Figure 19) which was the source of the 

lava flow in 1554. 

 

In all of the comparisons made, the SE area which touches on the ends of the 1300 and 

1554 flows, shows consistent change in the ITPCA. However, for the NDVI differences, 

the direction of change switches from negative for 1994-1988 and 1998-1988 to positive 

for 2001-1998 and 2014-1998. 

  

Figure 19 NDVI change detection for the Rauðubjallar vent cones at Hekla. 

These are the source of the 1554 lava flow. The differences are between 2001 and 1998 

(left) and 2014 and 1998 (right). 
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Figure 20 Comparison of NDVI and ITPCA change detection 

(difference) maps for 2001-1998. 
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Figure 21 Comparison of NDVI and ITPCA change 

detection (difference) maps for 2014-1988. 
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6 Discussion 

The analysis in the current study shows that vegetation can be monitored via Landsat 

satellite images and that this methodology may be used to monitor plant succession at 

Hekla. The details of this and caveats concerning data preparation and phenology will be 

discussed. Finally, the results of this study will be put into the context of the rapidly 

changing Arctic climate (IPCC, 2013). 

6.1 Vegetation index utility for examining the 

Icelandic landscape 

The results of this study support NDVI images calculated from Landsat data being 

applicable for studying vegetation succession on the landscape of Hekla. These results 

provide corroborating evidence for previous studies, which use Hekla’s lava flows as a 

chronosequence, showing an increase of vegetation on Hekla’s lava flows (Bjarnason, 

1991; Vilmundardóttir et al., 2018). NDVI constructed from TOA reflectance is deemed 

sufficient to fulfil the current study’s objective to establish representations of vegetation 

cover in this area. 

In the context of chronosequences, NDVI images for any given year analysed showed that 

the 1300, 1389-90, 1554 and 1725 flows have higher NDVI values associated with them. 

This can be associated with thicker moss carpets and vascular plants on these older, more 

lowland, lava flows that field studies indicate are at later stages of successional 

development (Bjarnason, 1991; Vilmundardóttir et al., 2018). Also, even without prior 

knowledge of known birch areas, areas with NDVI values consistent with woodland were 

detectable. This includes the end of the 1300 lava flow (Figure 12). Here, each year’s 

NDVI values in the images for this area indicate values of around 0.6, which is considered 

consistent with sparse woodland, that is to say with a high inferred leaf area index (Carlson 

and Ripley, 1997). 

The results of the current study support the utility of Landsat images for detecting 

vegetation growth consistent with ICC stage vegetation succession. This is from lava flow 

emplacement onwards. The mechanism for ICC growth is likely via the hard, rough 

surfaces of lava flows capturing aeolian material and vegetation fragments and, by doing 

so, holding them in one place long enough for them to establish and grow (Bjarnason, 

1991). The changes in NDVI values are lower than for older, more established, lava flows. 

However, these changes are still deemed to be evidence of further vegetation succession. 

Other vegetation indices than NDVI, as used in this research, may perform differently in 

the detection of vegetation at Hekla. This difference may be attributed to the low levels of 

photosynthetic activity and vegetation composition in Hekla’s landscape being of a 

substantially different nature as compared to other ecosystems such as the coniferous 

forests (taiga) and shrubland found at similar sub-Arctic latitudes. These alternative 

landscapes are investigated in similar studies (Suzuki et al. 2000; Tremblay et al., 2012). 

The scope of this research did not allow for these to be tested in further detail. 
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However, due to the introduction of Landsat images that have been processed to surface 

reflectance values by the USGS, the reliable use of EVI is now possible. This is due to EVI 

utilising blue band reflectance which is expanded upon later in the discussion (see 6.4). 

Without field studies that detail comparative levels of vegetation between Iceland and 

other sub-Arctic regions, stating that EVI presents a fairer representation of Hekla’s 

vegetation cannot be confidently stated. However, future studies into vegetation succession 

in this landscape type may benefit from using EVI.  

6.2 Vegetation succession as a time series 

Utilising observed data via remote sensing has enabled a times series analysis that provides 

a novel angle in which to view and understand vegetation succession on Hekla’s lava 

flows, compared to the chronosequence method of Vilmundardóttir et al. (2018). 

This complementary method for the treatment of time in a study is considered beneficial. 

As Vilmundardóttir et al. (2018) highlight, the suitability of using chronosequences for 

studying ecosystem development relies on environmental factors not changing 

significantly over the presumed time of an event such as a vegetation succession stage. 

This is so as to be more confident on the causation behind changes seen. However, there is 

uncertainty in the causes driving growth if the environmental factors cannot be directly 

observed alongside growth. The current study avoids this uncertainty by taking real time 

observations, enabling any causation drawn to be viewed more clearly. 

The time series observations of NDVI show an increase in vegetation for every sampled 

lava flow at Hekla. This is true for both the older lava flows (pre 1970) where, according to 

Vilmundardóttir et al. (2018), are in later stages of vegetation succession, and for younger 

lava flows (post 1970) which can only have experienced the ICC stage of succession.  

For the younger lava flows and at lower elevations where vegetation is more plentiful, the 

increase in NDVI appears to be at a higher rate than for the older lava flows with more 

established vegetation. This suggests that in terms of photosynthetic activity, the ICC stage 

sees quicker vegetation development of moss and lichen (Racomitrium lanuginosum and 

Stereocaulon spp.), with the caveat of needing time for adequate soil development having 

occurred (Vilmundardóttir et al., 2018), than for the thicker moss mats within the SC and 

VPD stage time frames. 

Apart from the apparently quicker rate of vegetation development for younger lava flows, 

the higher correlation coefficients observed for lower elevations suggest that the 

environment is more conducive to vegetation development there than for higher elevations. 

This effect of altitude is well known in ecological studies (Odum and Barrett, 2004), where 

less vegetation is seen at higher altitudes where it is often colder. However, in Arctic 

conditions, favourable temperatures may not have as large an impact on the species 

richness (Russell and Wellington, 1940) and associated vegetation amount (NDVI) as in 

temperate regions. 
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6.2.1 Variability in the vegetation signal 

The peaks observed in pixels from all lava flows’ NDVI values reduces certainty in 

knowing that the signal scene is due to vegetation and not to complicating effects such as 

the atmospheric column in TOA reflectance and local climate conditions on the date of 

capture.  

These anomalous values are of special interest to studying the Icelandic landscape. May et 

al. (2018) indicate that the reflectivity of four Arctic moss species (sphagnum mosses) is 

significantly affected by the moisture content of the moss at the time of image capture. The 

moisture content is highly dependent on the relative humidity at ground level, which will 

be much higher after rainfall.  

The effect seen is that twelve hours from wetting, such as by precipitation, the mosses will 

see an increase in NIR reflectivity and a decrease in red reflectivity. This has an amplifying 

effect on NDVI which may explain the peaks seen in the times series observations. This 

may also contribute towards the larger magnitude of deviation from the mean for some 

pixel NDVI values at lower, more vegetated, elevations. 

The cause of this effect is attributed to mosses being bryophytes, that is they regulate their 

own water content to maintain homeostasis and increase their light use efficiency and 

photosynthesis when water is plentiful (May et al., 2018). This is of consequence to any 

further studies that use NDVI as a proxy for productivity. If high NDVI values seen (above 

0.5) are associated with vascular plants, which are more productive than mosses, instead of 

anomalously high moss then the final productivity assumed will be overestimated (May et 

al., 2018).  

Daily precipitation values were not available at a meteorological station nearby to Hekla 

for cross reference with those dates that saw high pixel values and raised means for NDVI. 

However, a test was performed to investigate whether known moss-covered areas showed 

a different response to that where vascular plants are present (Figure 10).  

This test on 425m
2
 patches of the 1300 lava flow showed that the anomalous peaks were 

much less substantial for the birch area as compared to an area of thick moss coverage and 

light moss coverage. It should be noted that there is still moss present on the ground 

between birch trees within the birch area pixels analysed. The apparent subdued peaks for 

the birch area support May et al.’s (2018) findings that moss areas do respond differently 

than birch areas. While this is presumed to be a result of precipitation shortly before image 

capture, more information is needed to state this with any certainty. 

In future studies, it may be possible to reduce the impact of individual days having 

anomalous per pixel NDVI values by averaging any available images for the growing 

season (see 6.4 for more detail).  
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6.2.2 NDVI and elevation 

The results of regression analysis of NDVI against elevation for the different lava flows 

sampled did not provide statistically confident relationships in order to infer a direct causal 

relationship. However, it can be seen that there are negative correlations for all lava flows 

which suggests there is some causation between NDVI and elevation on the lava flows as 

is expected in ecological communities (Odum and Barrett, 2004). 

The older lava flow NDVI means indicate more variance with elevation than younger lava 

flows. It is possible that this is because the relative influence of elevation, in tandem with 

other influences (see 2.2) on vegetation growth is more important during the IC stage 

opposed to later succession stages. However, the elevation ranges tend to be smaller and 

are centred at lower elevations which restricts the comparison of the older flows with the 

younger ones. The 1389 and 1554 flows also have flat trends in correlation between NDVI 

and elevation, but this is possibly because they are already saturated with vegetation in the 

SC stage before the VPD has begun. On the ground this may be thick moss that has 

reached its peak thickness. If this is the case, the 1300 flow should see a flat trend as well. 

However, there is a slightly steeper negative trend as there is the complication by growth 

of the birch trees at the lowest elevation.  

  

Figure 22 NDVI retrogression where the 1970 eruption plume deposited tephra. 

The mean NDVI for 1984-2017 (left) compared to an optical image from Landsat 8 for 

2017 (colour composite) (right). Point A and the red line indicate where tephra was 

desposited from the 1970 eruption vents. 
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In addition to negative correlations of NDVI with elevation, a qualitative spatial 

comparison can be made of NDVI value on the lava flows compared with elevation. It can 

clearly be seen spatially that higher elevations see less vegetation (Figure 15). The 

causation here is of course complicated by the smothering and vegetation retrogression 

influence of tephra deposition in the NE direction from the 1980, 1991 and 2000 eruptions. 

This effect is clearly visible in mean NDVI for where tephra fell NW of the summit from 

two vents in the 1970 eruption (Figure 22, point A). 

It is noteworthy that where the 1991 lava flow crossed this area of apparent retrogression, 

vegetation is visibly higher on this new lava flow. This suggests that un-smothered lava 

flows are more suitable habitat for moss growth than their tephra affected counterparts. 

In future studies, an improved methodology for investigating the effect of elevation on 

NDVI would be to involve more environmental factors. Multivariate analysis investigating 

surface temperatures and precipitation, similar to the Detrended Correspondence Analysis 

(DCA) method used in Vilmundardóttir et al. (2018), may yield more information on the 

causes behind spatial variation in vegetation succession over time in this landscape. 

6.3 Spatial change detection for plant 
succession 

In addition to analysing mean magnitudes of NDVI over time, plant succession has been 

analysed for spatial changes. The comparisons made between different time periods during 

the current study are intended to illustrate whether succession can be detected on the newly 

mapped lava flows as distinct from the surrounding landscape.  

The current study does illustrate that there are spatial patterns in the amount of vegetation 

present between different time periods, and that these are constrained to lava flow 

boundaries. Often, these changes are considered to be examples of either a reversal to an 

un-vegetated state by the introduction of new lava flows, or, they are considered examples 

of vegetation succession. Specific details of these areas, put into the context of their 

detection method and environments, are detailed below. 

6.3.1 Change detection via NDVI anomalies for 2017 

The NDVI anomalies (Z-score maps) for 2017 have provided statistically comparable 

illustrations of where, and by how much, the NDVI has changed from the mean for up to 

this most recent date analysed. By doing so, this has provided evidence of vegetation 

succession on particular lava flows at particular times in Hekla’s history as far as they can 

be observed through the remote sensing satellite data that was utilised for this study. 

An overview of the anomalies indicates a division in observed vegetation amount, from 

high to the west and south west and low in the south, east and north east of Hekla’s summit 

(Figure 22). This can broadly be explained by the corresponding transition from the 

lowland plateau of this part of southern Iceland into the highlands found in the centre of 

the country. 
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Regardless of the differing mean amount of vegetation in the lowlands or highlands, every 

lava flow has a clearly defined increase in vegetation. This supports the idea that the lava 

flows provide a more suitable habitat than the shifting sand dunes and tephra laden 

landscape around Hekla (Bjarnason, 1991). The exception to this is in the moss areas at 

low elevations on the 1300 and 1554 lava flows which appear to be static with the mean 

(Figure 15). This may be further evidence that vegetation succession reaches a stasis 

between the SC and VPS stages. 

The mechanism for the change seen is potentially through catching aeolian material and 

moss fragments that are then held in place long enough to establish (Bjarnason, 1991) and 

eventually form the extensive moss mats seen on Hekla’s lava flows. The results of this 

study suggest that lava flows act as a stable substrate on which moss can establish securely 

enough to survive long term, in a similar manner to which coral species need a solid 

substrate on which to grow in the oceans (Lewis, 1960).  

An example of the opposite effect, the H/R stage, may be seen just north of Hekla’s 

summit (Figure 15, point B). This area received multiple tephra fall events from the recent 

eruptions (Grönvold et al., 1983; Lacasse et al., 2004) which would explain the drop in 

NDVI seen. Another example of this is the known sand dune (Selsundslækur) encroaching 

onto the 1389-90 lava flow near Selsund farm (Figure 15, point C; Figure 14), supported 

by both the low mean and anomaly decrease in NDVI seen for this area. These are all 

considered examples of the H/R stage via tephra exceeding a plant community’s threshold 

tolerance, causing smothering and erosion which damages plant photosynthesis, enabling 

detection via NDVI. 

The lack of apparent areas where VPD succession has taken place across the lava flows is 

evidenced by few areas of NDVI values consistent with vascular plants. This stage takes 

place over a time scale far beyond observations from satellites. However, in addition to the 

known location of birch trees (Vilmundardóttir et al., 2018), the absence of high NDVI 

values supports the idea of arrested development in the successional sequence potentially 

driven by the inaccessibility of the thick moss mats to vascular plant seeds (Bjarnason, 

1991). 

6.3.2 Change detection via NDVI and ITPCA differencing 

Primarily, the difference maps presented here are to identify any potential areas of ICC and 

H/R stage succession. However, due to what they represent, comparison of the NDVI and 

ITPCA images can capture changes from abiotic factors. The ITPCA method monitors 

many more factors than the NDVI difference maps, such as the change in the chemical and 

reflectance properties of the new rock created by lava flows. It does this by virtue of 

monitoring more reflectance bands, including those that are not considered to be related to 

the vegetation present. 

It is important to note when the differences are compared that the units, regardless of being 

dimensionless, are not directly comparable in size. While they both indicate areas of 

change, vegetative or otherwise, the magnitude of change is abstract and may not 

necessarily be proportional. 
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Detecting the 1991 eruption 

To evaluate changes across the time in which the 1991 eruption occurred, the 1994-1988 

and 1998-1988 difference map comparisons are analysed: 

For both of these comparisons, both the NDVI and ITPCA method detected change within 

the boundary of the 1980-81 and 1991 lava flows. Within the 1980-81 flow boundary this 

is seen as an indication of ICC stage succession. For the NDVI difference image of the 

1991 flow, this is a promising example of how vegetation can be a biotic indicator of 

change as the removal of any established vegetation under the lava flow can be detected in 

this manner. It is also encouraging to see that the ITPCA method agrees with the location 

of this change. However, it should be reiterated that the ITPCA method is not just 

detecting the change in reflectance properties of the surface due to a lack of vegetation but 

also change potentially due to the lava flow’s new rock surface exhibiting different 

reflectance properties to what was there before.  

Between 1998 and 1988, both of the difference maps were similar to their 1994-1988 

counterparts. However, for the parts of the southern 1991 flow, the NDVI did not appear to 

have changed significantly in the 1994-1988 difference image. This may be due to ICC 

stage succession having already occurred by 1994 in the three years since the 1991 lava 

flows emplacement and so returning the apparent vegetation amount to that of the 1988 

image in these locations. This is supported by those same areas having seen a larger in 

increase in NDVI in the four extra years accounted for in the 1998-1988 image. The 

corresponding change is detected in the ITPCA method, though the component of this 

change due to abiotic factors as compared with biotic factors cannot be distinguished. 

The way in which only some isolated patches of the 1991 saw vegetation increases in the 

early years of the lava flows existence presents interesting locations for future studies to 

investigate whether the topography or some similar factor made these areas more 

hospitable, at least initially, to colonisation. This may of course be due to the chance 

placement of vegetative material or seeds that managed to establish, whereas areas of equal 

properties did not see any biotic material placement.  

Detecting the 2000 eruption 

To evaluate changes across the time in which the 2000 eruption occurred, the 2001-1998 

and 2014-1998 difference map comparisons can be analysed: 

As with the difference maps spanning the 1991 eruption, those spanning the 2000 eruption 

showed clear change within the mapped boundary of the 2000 lava flow. This is viewed as 

a clear example of successful change detection of a lava flow through the decrease in 

present vegetation as well as through ITPCA analysis. However, the relative changes for 

the 2000 flow seen in both the NDVI and ITPCA differences were different. Both of the 

ITPCA maps spanning the 2000 eruption showed very strong change in the SW region of 

the map that exceeded what was still high change on the 2000 flows. This is discussed later 

in the following section. 

The response of vegetation around Rauðubjallar is visible in difference images around the 

2000 eruption (Figure 19). These images indicate a decrease in vegetation on this tephra 

heavy land from the 1554 eruption vents. This is intuitive if the land is less hospitable to 

vegetation growth than the surrounding land. However, much time has passed for soil 
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formation and succession to take place so there may be other contributing factors such as 

the tephra presenting a shifting or rofabard prone surface. 

A noteworthy phenomenon for further study is how by 2014 the portion of the 2000 flow 

that travelled due south is still poorly vegetated while the portion that travelled SW from 

the summit has surpassed previous levels of vegetation. As both of these parts of the lava 

flow are at similar altitudes, the SW portion is around 100m lower on average, it is 

reasonable to assume that their different rates of ICC stage succession are due to differing 

factors such as microclimate, surface roughness and the chance occurrence of vegetation 

being caught on the lava flow surfaces and establishing. 

For both of the comparisons made spanning the 1991 and 2000 eruptions, it can be seen 

that vegetation growth can be observed by satellite remote sensing in just 10-15 years. 

6.3.3 Responses seen in the vegetated SW region 

The growth responses seen in the relatively densely vegetated area to the SW of Hekla’s 

summit are different depending on the time frame in which it is analysed. 

The relatively more vegetated area in the SW of the difference maps showed opposite 

directions of change for the NDVI differences when viewing those around the 1991 

eruption (1994-1988 and 1998-1988) and 2000 eruption (2001-1998 and 2014-1998). 

Around the 1991 eruption the change for this was negative while around the 2000 eruption 

the area was positive. Even though the reason for this difference in change direction is not 

known, any changes in vegetation detected here must be put into the context of phenology. 

If the differenced images are far apart in the time of year then the differences may not be 

due to succession and growth but rather just a reflection of the vegetation’s seasonality. 

The potential causes behind this apparently stark change in the SW by ITPCA analysis are 

worthy of further investigation.   

6.4 Data preparation and phenology 

6.4.1 Data preparation 

There are drawbacks in terms of the availability and applicability of Landsat data to studies 

such as this. 

Firstly, the availability of data; satellite remote sensing for land surfaces has ostensibly 

made useable data available since 1972, when the first Landsat satellite was launched 

(Kuenzer et al., 2014). Despite this, the current study excluded Landsat data before the 

launch of Landsat 4 and 5 in favour of the higher resolution TM sensor. The decision to 

exclude earlier data was also motivated by the lack of useable images of the Hekla study 

area due to cloud cover obscuring too much of image to make their optical and NIR data 

useful. 

The cloud cover around the Hekla area is persistent, and despite extending the range of 

acceptable images to a wider period around the expected peak in the growing season, 

which in itself is not clearly defined for Iceland’s moss dominated ecosystems in the 
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literature. Some seasons had no useable images within the 16 day return time of the 

Landsat satellites. This means there are interpolated links between mean NDVI values 

from year to year in the time series, adding to uncertainty in the observed trends seen. 

Associated with this uncertainty and the shortage of usable data is the SLC failure 

previously detailed, resulting in a large gap in data from 2000 to 2009 and from 2009 to 

2014. 

In terms of the corrections made to the data, the USGS (2019b) highlights per-pixel solar 

angles could be used instead of a centre solar angle value for the image. This was not 

performed in the current study but may be useful in future studies that to yield more 

accurate reflectance calculations. 

At the time of the current study, the USGS is processing Landsat data to surface 

reflectance. In future studies, using this data would be preferable as it avoids the 

uncertainty in NDVI value introduced from uncorrected atmospheric effects within TOA 

reflectance.  

By utilising some of the available data from the USGS, a comparison was made between 

NDVI from both TOA and surface reflectance data and from EVI made using the surface 

reflectance. The latter was possible due to having more confidence that the blue band, 

which is necessary for correct EVI calculation (Jiang et al., 2008), is representative of the 

target surface (Figure 23).  

 

It can be seen that values above zero are largely the same for NDVI from TOA and surface 

reflectance and for EVI from surface reflectance. However, for values below zero, TOA 

derived values are consistently around 1.4 lower. This does not present an issue for the 

interpretation of vegetation succession, where values should be above zero. This does 

Figure 23 A comparison between different derivations of vegetation index at Hekla. 

These are NDVI as calculated from TOA reflectance (left), NDVI calculated fromsurface 

reflectance (middle) and EVI calculated from surface reflectance (right). These are all 

calculated from a Landsat 8 image for 20
th

 Septemeber 2017. 
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introduce uncertainty in the interpretation of areas of little to no vegetation or areas of 

surface water. This is especially impactful when these areas are subtracted between images 

to illustrate differences over time. 

What NDVI Represents 

As with all vegetation indices, NDVI is a measure of ‘greenness’. Greenness is a 

quantitatively vague term when an indices relationship to biophysical processes is 

considered (Jin and Eklundh, 2014). This means that more quantitative physical variables 

like Gross Primary Production (GPP) cannot be reliably estimated with NDVI.  

However, the Plant Phenology Index (PPI) (Jin and Eklundh, 2014) is a novel vegetation 

index that is related to biophysical variables and can be used to better estimate actual 

quantity proxies for growth. It does this using Earth atmosphere parameters derived from a 

radiative transfer model and has been shown to have a near linear relationship with LAI. 

The characteristics of PPI make it more appropriate than NDVI to monitor area at high 

latitudes where the annual turnover of vegetation biomass in low, such as in the evergreen 

forests, and where snow cover is common. 

The above poses PPI as an appropriate vegetation index to use in future studies in the 

Icelandic landscape. However, no studies have been conducted to test whether PPI may be 

used to give an accurate approximation of the LAI of Icelandic moss species, or indeed 

whether LAI is appropriate to use for moss dominated landscapes at all.  

Regardless of the vegetation index used in future studies, it may be more appropriate to 

calibrate and scale the vegetation index used so that it accurately represents the 

ecosystem’s LAI. LAI is a better approximation of productivity than NDVI for example. 

This may be done by conducting field studies using optical instruments, following the 

methodology of van Wijk and Williams (2005), to better differentiate the differences 

between moss and birch in Hekla’s landscape. 

6.4.2 The importance of phenology 

To be able to confidently describe changes in vegetation on volcanic landscapes in Iceland, 

especially regarding succession, requires confidence that annual peak vegetation is being 

analysed. 

As the values selected here for July and August should represent peak, or at least growing 

season, greenness. However, due to the limitation of passive remote sensing not being able 

to see through clouds or at night, the data availability of the actual data used ranges from 

mid-July (14
th

 1992) to mid to end of September (20
th

 September). Including the later 

images used for comparison with the ITPCA change detection maps, this means that some 

of the later images may not be representative of peak vegetation. This uncertainty is 

compounded by the effect of atmospheric contamination in TOA reflectance.  

The above results in the mean NDVI in time series as well as the mean and standard 

deviation used for z-score anomaly calculation being vulnerable to non-growing season or 

unusual phenology from individual images not being representative of peak greenness. 
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There are two issues to reconcile in this regard: 

Firstly, the phenology of Iceland’s moss has not been detailed in any known study. In fact, 

moss phenology throughout the world is rarely researched (Duckett and Pressel, 2017). 

Questions to answer in further research include: do Icelandic moss species become more 

productive in the height of summer or do they brown and become less productive to save 

moisture? And, when is the range in which the start of season and end of season might be 

expected for Icelandic moss species? 

Secondly, studies into the length of growing season are infrequent and dated for Iceland, 

with most research focusing more on the effect of growing season on agriculture 

(Bergthorsson et al., 1988) rather than tracing important phenological dates, such as SOS 

and LOS, within it. 

Carter (1998) highlights that the length of the season is a natural indicator of the thermal 

climate. As the Arctic and sub-Arctic warms and changes (IPCC, 2013), being able to track 

the peak greenness for each year will be essential for monitoring vegetation in what are 

likely to be (IPCC, 2013) more variable and unsettled seasons for Iceland in the future. 

Methodology such as that employed for the TIMESAT software (Jönsson and Eklundh, 

2002) may prove valuable for tracking Iceland’s phenology. This software implements a 

program that enables effective time-series analysis. Applied to the current study, this 

would enable more images throughout the years available from Landsat platforms to be 

used. A rough curve would then be fitted to vegetation index values for the entire time 

series available.  

Vegetation curve fitting could be done a pixel by pixel basis and then calculating a mean 

for each image such as in the current study, or a maximum vegetation index values could 

be used for an area such as a defined lava flow. Asymmetric Gaussian model fitting is then 

applied to the curve. This global, applied to all values in the time series, modelling method 

smooths any high inter-annual variation, often due to anomalous noise, to enable clear 

interpretation of peak greenness and the starts and ends of seasons. So called spike 

methods can also be used to remove anomalous peaks, such as those likely originating 

from newly moist moss in the current study. 
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6.5 Potential for change within a changing 
climate 

As with any region at high northern latitudes, the development of Hekla’s lava flow 

ecology must be viewed within the context of a changing climate. A wider view than 

volcanic ecology is given here as Arctic and sub-Arctic vegetation change must be 

understood and the implications of this change constrained to the unique ecosystems of 

Iceland. 

6.5.1 Icelandic responses 

Greening in Iceland 

There are few studies that explicitly focus on Iceland’s vegetative response to climatic 

change. Raynolds et al. (2015) highlighted that in studies of Arctic vegetation via satellite 

derived vegetation indices (Slayback et al., 2003; Bhatt et al., 2010) that Iceland showed 

anomalously high greening from 1982-2010.  

The impact of humans in Iceland’s landscape is reiterated, including a drop from 60% to 

27% of land cover being vegetated after settlement (Arnalds et al., 2001b), including 

attributing a cause of erosion to Iceland’s weakly cohesive soils (Arnalds, 2008). Despite 

these facts, the average NDVI for Iceland shows the highest increasing trend for northern 

countries (Epstein et al., 2012). 

Raynolds et al. (2015) suggest several causes for this greening in Iceland seen over recent 

decades. Some greening is attributed to recognition of the soil erosion problem, aided by 

remote sensing (Arnalds et al., 2001b) and the subsequent actions of the government to 

conserve Iceland’s soils, including a quota for amount of sheep that farmers are allowed to 

farm, implemented in 1985, that significantly reduced the grazing pressure on Icelandic 

vegetation (Crofts, 2011). Some localised increases in NDVI were attributed to major 

forest restoration projects as well as greening where vegetation seemed to succeed where 

melting glaciers once lay (Raynolds et al., 2015).  

If the above trends are to continue, then Iceland as a whole will continue to green. 

However, succession where glaciers are retreating and succession on the relatively frequent 

lava flows that make Iceland’s land cover so dynamic is still not well documented by 

modern research utilising remote sensing. 

Future changes to Icelandic phenology 

 Studies have been undertaken that link phenology in Iceland to climate change 

(Thórhallsdóttir, 1998; Leblans et al., 2017). These studies highlight how important surface 

air temperature can be to Arctic vegetation. It was found that the LOS for several species 

in Iceland that are widespread in the Arctic, was closely dependent on air temperature but 

also on the month in which the temperature was high enough for plant growth to occur 

(Thórhallsdóttir, 1998). Even with sufficiently high temperatures in May, the species 

studied would only begin flowering in June with sufficient temperature and with the advent 

of snowmelt.  
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As warmer springs and earlier summer temperatures increase in Iceland (IPCC, 2013), the 

vegetation is likely to respond earlier and change the behaviour of pollinators. This may 

potentially increase the species richness of vegetation in Iceland, allowing for more 

vascular plants to colonise Hekla’s lava flows. However, no research has been taken out on 

the response of moss to future climatic change. 

The phenology of Iceland’s grasslands with respect to carbon balance has also been 

researched (Leblans et al., 2017). LOS are already reported to be extending at a higher rate 

in sub-Arctic regions relative to the rest of the world (Zhao et al., 2015). For Arctic 

grasslands LOS appears to be extending 2.1 days per degree Celsius of soil warming, with 

the potential for this increase to saturate to at least an extra month of growing season 

(Leblans et al., 2017).  

The above is likely to have the consequence of prolonged photosynthetic activity and more 

carbon uptake by vegetation in Iceland, potentially quickening both ICC and SC stage 

succession at Hekla.  The impact on VPD stage succession is unclear as if the moss present 

spread more rapidly spatially as well as in thickness then the potential inhibition of seeding 

by vascular plants may be strengthened (Connell and Slatyer, 1977), delaying VPD further. 
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7 Conclusions and outlook 

The above research builds upon remote sensing being a valuable tool for monitoring 

vegetation succession on Hekla’s lava flows and the methods allow for assessment of said 

succession in time and space. 

The current study has demonstrated the utility of Landsat data for establishing the location 

of and reliably differentiating vegetation greenness via NDVI images. These are used as a 

proxy for photosynthetic activity and the amount of vegetation, though quantification of 

productivity has not been tested. By doing so, NDVI images were used to monitor 

vegetation growth on Hekla’s lava flow fields and identify that all lava flows analysed 

were seeing a positive trend in growing season vegetation over time. Elevation appears to 

be of larger importance earlier in succession stages, that is for younger lava flows, whereas 

more established vegetation is assumed to have more contributing factors to growth. 

Use of anomalies from the mean and image difference change detection were utilised in the 

context of previous knowledge from field studies at Hekla (Vilmundardóttir et al., 2018). 

These indicated that the younger lava flows (emplaced post 1970) are experiencing rapid 

ICC stage succession with cover coalescence appearing to occur over just 10-15 years on 

the 1991 and 2000 lava flows.  

It is also suggested that where lava flows are emplaced, they act to form a stable substrate 

on which soil and moss can establish, whereas the loose and easily eroded soils 

surrounding Hekla’s lava flows appear to be decreasing in vegetation. New lava flows and 

their ICC stage succession are clearly visible in analysis, both by the destruction of 

previous vegetation and via ITPCA change detection. However, the presumed detection of 

abiotic influences by ITPCA analysis is vulnerable to strong changes that occurred in the 

SW of the Hekla area. This requires further investigation. 

Having reliable data, free from atmospheric disturbance and cloud cover is emphasised. 

Additionally, the unique reflectance properties of moss may explain variability in mean 

NDVI for specific images and, potentially, under certain weather conditions. 

How climatic change in southern Iceland will affect vegetation succession is unclear due to 

the lack of knowledge around both its moss species phenology and behaviour so far to 

observed climate change. Despite this, studies into Arctic vegetation suggest that Iceland 

will continue to see higher summer productivity which would aid the rate of vegetation 

succession on lava flows. 

Overall, the current study has presented exploratory methodology in a novel setting as well 

as results that support further investigations into vegetation succession on Iceland’s lava 

flows and subsequent application to other regions in the World. 
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7.1 Future studies and outlook 

The phenology of Iceland’s distinctive vegetated landscape should be at the forefront of 

future methodology for monitoring vegetation succession. This may involve utilising 

different vegetation indices such as PPI and more satellite observations throughout the year 

for use in TIMESAT software to better represent annual peak greenness on the lava flows. 

Regardless, more studies are needed into the response of Iceland’s moss species to 

seasonal changes in climate as well as how they might respond to a warmer, if more 

variable, climate in the future. 

On a similar theme, bespoke studies into the ranges of either PPI or NDVI value that can 

be attributed to ICC, SC and VPD stage succession would enable rapid automated 

classification of succession area that may be applied to other places in Iceland. 

The current study’s methods should be applied to other active volcanoes in Iceland that are 

not under significant ice caps, such as Katla or Öræfajökull. This would enable research to 

investigate whether vegetation succession shows the same signals via remote sensing on 

other lava flows than at Hekla. 

Finer spatial resolution data, either from regular surveys by Unmanned Aerial Vehicles 

(UAV) or commercial satellites would enable more detail on a scale to identify individual 

shrubs and texture in the landscape (Gademer et al., 2010; Goodbody et al., 2018). Along 

with field measurement on microclimate variables such as temperature and humidity, as 

well as the hollows (Cutler, 2011) slope and aspect of the landscape, this may give more 

information on the factors contributing to where and how rapidly vegetation succeeds lava 

flows. Combining information on the prevailing wind with satellite observations may also 

give a better idea of how aeolian deposits aid ICC succession. 

This study has shown a positive use of exploratory methods for monitoring vegetation 

succession on Icelandic lava flows. These methods are now able to be applied to other 

regions in Iceland for further study and refinement of the information needed to map 

succession stages. 
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Appendix A 

Table A1 List of Landsat sensor images used in analysis including date acquired, and 

notes on data preparation. 

 
Landsat 

Platform 

Sensor Date Acquired 

(DD/MM/YYYY) 

Notes Clouds and Ice Over 

Sample Lava flows 

Clouds 

Removed 

8 OLI 

TIRS 

20/08/2017  No cloud, Some ice. No. 

8 OLI 

TIRS 

30/07/2016 Spotty clouds 

and snowy. 

Lots of low cloud. Masked clouds 

and shadows 

with BQA layer. 

8 OLI 

TIRS 

29/08/2015 Wispy clouds 

on tip of South 

West flows. 

Snow and high cloud. Masked ice and 

high cloud with 

blue band. No 

shadows. 

8 OLI 

TIRS 

12/08/2014 Bit of cloud but 

right over South 

West flows. 

Small amount of low 

cloud. 

Masked clouds 

and shadows 

with BQA layer. 

5/TM  30/08/2009  Lots of low cloud. Masked clouds 

and shadows 

with band 7. 

7/ETM+ 

SLC On 

 14/08/2001  Both are present. No. 

7/ETM+ 

SLC On 

 20/08/2000 Some cloud. 

Very dark to 

North East from 

Tephra. 

Last day of 

2000 eruption. 

Patchy cloud present. Masked clouds 

and shadows 

with band 7. 

5/TM  15/09/1998  No cloud but snow. Masked ice with 

blue band. No 

shadows. 

5/TM  17/08/1996 Noise apparent. No. No. 

5/TM  28/08/1994 Noise apparent. Image not used.  
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5/TM  12/08/1994 Wispy clouds. 

Noise apparent. 

No cloud but snow. 

 

Masked ice with 

blue band. No 

shadows. Still 

some wispiness 

to west. 

5/TM  09/08/1993 Cloudy right 

over Hekla’s 

summit. 

Noise apparent. 

Cloud and snow Masked cloud 

with blue band. 

5/TM  14/07/1992 Snowy on 

summit and to 

south East. 

No Cloud but snow Masked ice with 

blue band. No 

shadows. 

 

5/TM  11/08/1991 Noise apparent. Patchy cloud 

everywhere. 

Masked cloud 

with blue band. 

5/TM  12/09/1988  No. No. 

5/MSS  15/08/1986 Noise apparent. 

 

In north East Masked cloud 

with blue band. 

Shadows not 

accounted for. 

5/TM  17/09/1984 Late image for 

phenology.  

Small Clouds. 

Just clouds in the far 

west. 

Masked cloud 

with blue band 

and shadow 

with band 7. 
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Appendix B 

 

   

Figure A1 Example of the polygons laid over a colour composite Landsat 7 image for 

20
th

 September 2000. This indicates the areas in which pixels were slected for removal. 

The exception is for high cloud, this is added to illustrate the potential of the Band 

Quality Indicator file. 
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Appendix C 

 

 
 

Figure C1 Changes in NDVI over time for the 1389 lava flow. 
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Figure C2 Changes in NDVI over time for the 1554 lava flow. 
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Figure C3 Changes in NDVI over time for the 1725 lava flow. 
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Figure C4 Changes in NDVI over time for the 1970 lava flow. 
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Figure C5 Changes in NDVI over time for the 1991 lava flow. 
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Figure C6 Changes in NDVI over time for the 2000 lava flow. 
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Appendix D 

Figure D1 NDVI plotted against elevation for the 1300 lava flow. 

Figure D2 NDVI plotted against elevation for the 1389 lava flow. 
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Figure D3 NDVI plotted against elevation for the 1554 lava flow. 

Figure D4 NDVI plotted against elevation for the 1970 lava flow. 
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Figure D5 NDVI plotted against elevation for the 1980 lava flow. 

Figure D6 NDVI plotted against elevation for the 1991 lava flow. 
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Figure D7 NDVI plotted against elevation for the 2000 lava flow. 


