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Abstract 
As ocean levels rise and storm intensities increase, coastlines are increasingly under threat 
from waves and seawater inundation. Hard coastal defences such as rock armour that have 
historically been used are still prevalent, although as coastal processes are now better 
understood, where possible coastal planners are shifting to nature based defences. Creating an 
artificial reef designed to grow kelp for wave attenuation purposes has never been attempted; 
consequently, the sea floor north of Ísafjörður was surveyed to assess existing flora and 
substrate composition to determine what would need to be done to achieve this. Literature was 
also reviewed to determine what would be required to promote denser, contiguous kelp growth 
for wave defence; kelp of sufficient density at requisite depths can attenuate wave energy by 
up to 85%, depending on wave distance travelled through kelp forests. A test area at 
Skutulsfjörður was assessed to determine kelp species, densities and substrate composition. 
Analysis showed that substrate composition was the major limiting factor in density and 
distribution, with existing kelp, mostly Laminaria hyperborea, growing mainly in four to six 
meter water depths. Existing kelp densities were found insufficient to attenuate wave energy 
and it was demonstrated that building an artificial reef with boulder sized substrate would 
allow kelp to grow at sufficient densities to attenuate wave energy by at least 50%. Therefore, 
placing low relief quarried substrate at four to 10 meter depths, designed to nurture and 
maintain a dense kelp forest, would reduce wave impact on Ísafjörður’s north coast. This 
biological defence would decrease maintenance of the shipping channel and coastal defences 
by reducing coastal erosion and sediment transport, therefore allowing beach accretion. 
 

Útdráttur	
 
Þegar yfirborð sjávar hækkar og vindstyrkur eykst þá eykst hættan á öldum og flóði við 
strandlengjuna. Sjóvarnargarðar hafa lengi verið notaðir og eru enn algengir. Þar sem meiri 
skilningur er nú á breytingum og myndun á grunnsævi er hægt að skipta yfir í náttúrumiðaðar 
varnir. Aldrei hefur verið reynt að búa til rif með það fyrir augum að rækta þara til að til að 
hafa áhrif á styrk og stefnu ölduhreyfinga. Sjávarbotninn norður af Ísafirði var rannsakaður til 
að kanna gróðurinn og samsetningu hans til að ákveða hvað þarf að gera til að þetta sé unnt. 
Heimildir voru skoðaðar til að kanna hvað gera þyrfti til að auka þéttni í vexti þarans. 
Hæfilega þéttur þari á hentugu dýpi getur dregið úr öldugangi um allt að 85%, háð þeirri 
vegalengd sem öldurnar berast um þaraskóginn. Tilraunasvæði í Skutulsfirði var kannað til að 
greina tegundir þara, þéttni og samsetningu. Greining sýndi að samsetning undirlagsins eða 
botngerðin var sá þáttur sem helst hamlaði þéttni og dreifingu þarans sem þarna óx, einkum 
Laminaria hyperborea, sem grær aðallega nálægt fjörunni, á fjögurra til sex metra dýpi. Þéttni 
þarans var ekki nægjanleg til að draga úr krafti öldunnar og það sýndi sig að gerð gervirifs að 
meginhluta úr hnullungum, steinvölum og möl myndi gera þaranum kleift að ná hæfilegri 
þéttni til að draga úr öldugangi um 50%. Þannig að ef komið væri fyrir undirlagi af ákveðinni 
samsetningu á 4-10 metra dýpi, sem væri hannað til að skapa fótfestu og viðhalda þéttni 
þaraskógar, væri hægt að draga úr áhrifum öldugangs á norðurströnd Ísafjarðar. Þessi 
líffræðilega vörn myndi líka minnka viðhald innsiglingarinnar og sjóvarnargarða með því að 
draga úr niðurbroti strandlengjunnar og flutningi á seti ásamt með eflingu fjörunnar. 
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1 Introduction 
Coastal erosion and sea level change are natural processes that have always occurred and will 

continue to occur. Historically, this has not been an issue as humans have been transient and 

therefore able to easily relocate settlements in relation to changing coastlines. As permanent 

settlements were developed, humans have built advanced and fixed infrastructure such as 

ports, harbours, and transportation networks along with other static coastal developments. Due 

to this inflexible infrastructure, hard structures such as breakwaters were developed to alter 

coastal processes and create a static coastline intended to eliminate erosion, stop sand 

movement, and maintain shipping channels. To date, these measures have been somewhat 

effective on a localized scale although deleterious when viewed through a holistic lens as they 

disrupt the greater sediment budget and currents over coastlines; this can cause loss (or 

accretion) of land due to human intervention in natural processes.  The loss (or gain) of 

coastline can be costly and disruptive to human activities and destructive to infrastructure.  

 
The town of Ísafjörður’s north coast is exposed to waves and swell from the Arctic Ocean 

which causes geomorphological issues down-coast, such as the shipping channel filling with 

sediment; this requires dredging to maintain the shipping lane. Lessening the wave energy 

impacting Ísafjörður will result in less sediment movement along the coast, therefore reducing 

longshore drift as lesser waves do not possess the same ability to move as much sediment. 

This will result in a larger beach as well as a decreased need to dredge to maintain shipping 

infrastructure. This thesis holistically examines the viability of creating a living breakwater 

using kelp as a bio-mitigation strategy for wave energy. Field and laboratory tests have shown 

that wave energy passing through kelp fields of sufficient density, depth, and length is 

dramatically decreased by as much as 85% (Mork, 1996. Dubi and Tørum, 1996). If a 

multifunctional artificial reef (MFAR) designed to nurture kelp were to be constructed, the 

north coast of Ísafjörður would see a general decrease in wave energy, leading to multiple 

positive effects; Sund, the shipping channel, would see a general decrease in its sediment 

budget, therefore reducing the maintenance costs relating to dredging the shipping channel. A 



	

	 2	

	

decrease in wave energy will cause sediment accretion which would manifest as a wider beach 

(Løvas and Tørum, 2001), protecting the rock armour currently in place and potentially 

creating more land for Ísafjörður. This thesis aims to determine what would be required to 

create a nature based wave defence by constructing an MFAR north of Ísafjörður designed to 

nurture a dense kelp forest designed to lessen wave energy impacting Ísafjörður. 

While artificial reefs have been constructed around the world for a variety of purposes (Ng et 

al., 2013), including to grow kelp (Elwany et al., 2011), none have been constructed with the 

intention creating habitat to grow kelp to act as a wave defence (Morris et al., 2018). This 

study combines field transects of the flora and substrate of Skutulsfjörður using an underwater 

camera; a literature review of relevant biological, geological, and climatological factors as 

well as an analysis of historical meteorological phenomenon, marine currents, and 

geomorphological behaviour within Skutulsfjörður. Analyzed holistically, these inputs are 

used to determine if a MFAR designed to grow kelp as a wave defence is viable, or if the 

conditions for kelp to thrive already exist off the north coast of Ísafjörður. 

Kelp currently exists in Skutulsfjörður, though in insufficient numbers and density to 

noticeably attenuate waves. Underwater surveys discerned that the main limiting factor in kelp 

distribution and density in Skutulsfjörður was the lack of suitable substrate, boulders and 

cobbles, as sand was found to be the prevailing substrate within the study area, consisting of 

65% of the benthos within the study area. A field study by Bekkby et al., (2009) and the 

resultant metrics indicates that the study area north of Ísafjörður is seemingly excellent kelp 

habitat for a sustainable kelp community; however, field surveys undertaken show that the 

current limiting factor is insufficient and widely distributed suitable substrate, such as 

boulders and cobbles, leading to ongoing depauperate kelp density, distribution, and maturity.  

Altering the benthic substratum to create an MFAR designed to grow kelp to act as a wave 

defence has never been attempted (Morris et al., 2018). Altering the substrate within the study 

area to create an artificial reef designed to grow a dense kelp forest would therefore provide 

the ecosystem service of wave energy attenuation; the town of Ísafjörður will be able to lessen 

the effect of wave energy upon the north coast and shipping channel. This will have the 

benefit of reducing costs and frequency of ongoing dredging operations and decreasing 



	

	 3	

	

required maintenance of existing sea defences. This thesis determines what is required to 

create an artificial reef designed to nurture Laminaria hyperborea, and the environmental 

benefits that a dense kelp forest would provide within Skutulsfjörður.  

This paper assessed current benthic conditions and biological communities within 

Skutulsfjörður such as substrate type and aquatic vegetation; specifically Laminaria 

hyperborea in order to determine if kelp already provided wave attenuation services, or if the 

study area in Skutulsfjörður can be terraformed to promote such ecosystem services. Prior to 

this research, there was a dearth of information relating to the substratum and vegetative 

communities of Skutulsfjörður, therefore visual field surveys were conducted to map the 

benthos within the study area. When analyzed, it was determined that that the laminarial 

density in Skutulsfjörður was less than required for 50% wave energy attenuation. Literature 

reviews of predictive kelp mapping, wave energy attenuation trials through dense kelp, and 

laboratory tests in wave chambers with model kelp to determine optimal kelp habitat were 

conducted; the literature parallels the Skutulsfjörður environs in all factors except suitable 

substrate. Furthermore, literature was reviewed of global MFAR’s in general and an artificial 

reef built for kelp in California; combining this literature with the known ecology of 

Laminaria hyperborea while considering the density of kelp required for significant wave 

energy attenuation led to the result that Skutulsfjörður does not possess significant substrate to 

support dense kelp forests. Therefore construction and monitoring of artificial reef test plots to 

determine a best design should occur; pending positive results from these tests, a full scale 

implementation of an artificial reef designed to nurture kelp to attenuate wave energy by 50% 

should be implemented within Skutulsfjörður. 
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2 Literature Review 
Coastal	planners	around	the	world	are	making	the	shift	to	nature	based	wave	defences	

where	possible.	This	thesis	presents	the	viability	of	creating	artificial	reefs	designed	to	

nurture	kelp,	which	will	act	as	a	wave	defence	by	attenuating	wave	energy,	a	project	that	

has	never	been	attempted	to	date.	By	analyzing	geomorphological,	oceanographic,	

biological,	ecological	and	anthropomorphic	literature	within	the	coastal	management	

realm	in	addition	to	conducting	field	surveys,	this	paper	draws	together	a	variety	of	

fields	to	create	a	holistic	analysis	of	the	logic	and	feasibility	of	promoting	the	growth	of	

kelp	to	assist	with	managing	coastal	erosion.			

2.1 Coastal Erosion and Vegetation 

Coastal, intertidal and near shore vegetation around the world provides innumerable and 

invaluable ecosystem services to billions of people: flood control, provision of habitat, erosion 

control, storm surge protection, bio-filtration, and shoreline stabilization (Morris et al., 2018, 

Mork 1996, Dubi and Tørum, 1994, Kobayashi et al., 1993, Asano et al., 1993). Shoreline 

stabilization and erosion control are of particular interest in anthropogenically altered coastal 

areas such as cities, roads, and towns, as the vast majority of global structures are fixed in 

place. They cannot move to accommodate the shoreline which has changed locations and 

dimensions throughout history, and will continue to change.  

2.2 Changing Shorelines and the Ocean – Long-term 
factors 

There are numerous factors contributing to shoreline shifting and change, such as seismic 

shifts and tectonic activity which notably alter coastlines with one or more major events in a 

short, yet unpredictable time period (Pirazolli, 1994). This is difficult, if not impossible to 
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realistically plan for due to the sudden and far reaching changes to coastline such as occurred 

in Japan during the 2011 ‘Great East Japan’ earthquake (Tanaka et al., 2012). 

Isostatic rebound is another noticeable factor. As land rebounds from the weight of glaciers, 

the substrate expands and then contracts, displaying slow elasticity. This is a localized factor 

and varies geographically, however, it can often outpace sea level rise, creating a local sea 

level decrease (Dietrich et al., 2016). 

Another driver of coastline transformation is rising and falling sea levels, which have altered 

sea levels since oceans have existed upon Earth (Alley et al., 2005). Rising sea levels are 

driven by a decrease in ice mass within the cryosphere – glaciers, icecaps and snowpack. A 

colder planet leads to an increasing amount of water stored and locked within the cryosphere, 

leading to a decrease in liquid water and a resultant decrease in global ocean levels. The 

reverse is also true; as glaciers and icecaps melt, water enters the hydrosphere, and sea levels 

rise. These cryosphere-hydrosphere interactions are termed eustatic sea level change 

(Meidinger, 2011) and are occurring globally, although not at a uniform rate (Much et al., 

2014).  

In addition to global climate change engendering eustatic sea level changes, global 

temperature alterations also result in temperature changes, and therefore volume variation 

throughout the water column. Temperature and salinity changes drive steric sea level change, 

which is defined as thermal expansion or contraction. A one kilometer deep column of sea 

water will expand by approximately two centimeters for every 0.1C° increase in temperature 

(Meidinger, 2011). 

Measureable eustatic and steric sea level changes occur at a global scale at minute amounts 

per year; Church et al. found that sea level rise occurred at 1mm to 2mm per year over the 20th 

century, with an average of 1.5mm per year. (Church et al., 2001). This effect is cumulative 

and creates large and noticeable effects over decades and centuries. Furthermore, sea level rise 

will not affect global coastlines equally, as there will be regional variability. (Much et al., 

2014). 
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Global sea level change due to eustatic and steric factors is predicted to rise within the range 

of 0.18 meters to 0.59 meters by the end of the 21st century (Much et al., 2014). These sea 

level increases are most impactful to coastlines and coastal cities during high energy events 

such as storms and king tides, especially when the two coincide, often leading to salt water 

inundation and flooding.  

Tectonic shifting, isostatic rebound, as well as eustatic and steric sea level change are 

important factors affecting coastlines around the world; issues that planners and architects 

must increasingly consider when designing and maintaining coastal development (Alexander 

et al., 2012). It is of paramount importance to realize that most severe impacts (e.g. extreme 

storm surges, enhanced erosion) due to long term phenomenon such as climate variability will 

occur over much shorter time scales (Wu et al., 2002) and defences must be built to account 

for strong, short duration events.  

2.3 Changing Shorelines and the Ocean – Short-term 
factors 

Tectonic shift, isostatic rebound, and eustatic/steric sea level rise all change the relative level 

of the ocean to the shore, generally over longer timescales. However, direct hydrosphere-

atmospheric-lithosphere interactions occur at very short but ongoing timescales, sometimes 

causing seasonal or high energy event flooding as in heavy storms. Waves and wind are 

directly observable on a day-to-day basis, having direct and measureable affect on global 

coastlines. Due to the relative regularity of storm surges and other weather driven coastal 

flooding, coastal defences have been engineered to manage these short term events rather than 

rising sea levels.  

Beaches are always in motion from wave energy which causes geomorphological change with 

both long shore and cross-shore drift. Long shore drift is caused by wind-driven waves 

impacting a beach at an oblique angle, driving sediment and water (swash) up the beach at that 

same oblique angle. As the wave recedes, swash drains back down the beach following the 

path of least resistance (straight back down to the ocean) to be entrained by the next breaking 

wave, pushing the sand back onshore at the same oblique angle. In this way, sediment moves 
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down the beach in the direction of the long shore current (Komar and Inman, 1970). Wind 

directions determine the prevailing direction of the long shore current.  

Cross-shore drift tends to change beach profiles by eroding and flattening the beach, and 

depositing the sediment offshore, sometimes creating sandbars. The opposite can also occur 

where cross-shore drift erodes sandbars and deposits that sediment on the main beach. 

Depending on the wave period and size, cross shore drift can erode or accrete beaches.  

Erosion and sediment transport occurs on beaches around the world. Natural, undeveloped 

shorelines face minimal erosion issues as beaches are constantly being replenished as they are 

being eroded, leading to a beach in relative equilibrium. However, when the sediment 

transport budget is interrupted, such as by groynes or breakwaters, long shore drift can very 

quickly degrade beaches or fill channels with sand.  Furthermore, high energy events such as 

severe storms can erode or ‘destroy’ entire beaches in a matter of hours (Zhang et al., 2002) 

and without a natural source of sediment replenishment, the beach may take years to come 

back, if ever. 

2.4 Shoreline Management 

Humans have been managing shorelines through both hard (physical) and soft (natural 

processes) engineering tactics to create protected coastlines and harbours, as well as to reclaim 

land. Physical defences such as groynes, seawalls, rock armour, breakwaters, gabions, 

floodgates, and cliff stabilization resist waves energy by physically blocking or absorbing 

wave action and the inherent processes caused by wave action, such as long shore drift 

(Walker, 1984).  

Groynes are low walled structures built perpendicular to the coast into the sea, used to alter the 

sediment regimes of beaches by restricting or eliminating long shore drift. While they are 

successful at reducing the movement of sediment along beaches, this comes at the cost of 

greatly reducing or eliminating beaches further down coast that rely upon sand transported 

from the now-altered beach where groynes have been installed. They also create rip currents 

and eddies (Olsson & Pattiaratchi, 2009) by disrupting the long shore drift. This creates 
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sediment accumulation on the ‘up-coast’ side of the groyne and a dearth of sediment on the 

down coast section of groyne. While effective at maintaining the immediate beach, these 

structures create issues down coast by altering and depriving the sediment budget.  

Seawalls are constructed to prevent land from being covered and/or damaged by the sea. They 

are vertical structures that armour a section of coastline, designed to physically block waves 

from impacting the land. Although seawalls are effective in the short to medium term in 

protecting property, eventually they are undercut by wave action (Phillips, 2009) and may 

collapse into the sea. As seawalls are a hard surface that blocks the wave, this increases wave 

refraction (McQuarrie & Pilkey, 1998), leading to enhanced erosion down coast. Seawalls 

may be used in conjunction with rock armour to prevent wave undercutting.  

Rock armour consists of large sections of rock piled at the base of easily eroded slopes, banks, 

seawalls, or cliffs. Similarly to seawalls, rock armour acts by absorbing and refracting waves. 

This is the primary source of hard coastal defence within Skutulsfjörður, with the majority of 

development within the fjord protected in this way. Rock armour is prone to pneumatic 

erosion which occurs when waves crash into the rock armour, forcing air through the gaps in 

the rocks, compressing the air within the rock armour. This air carries particulates and water at 

a higher speed and energy than the original wave (Phillips, 2009), leading to enhanced erosion 

of the rock armour. This can be protected against by ‘fitting’ rock armour together similarly to 

puzzle pieces, which reduces the efficacy of pneumatic erosion by greatly lessening the air 

spaces between rocks. However, this approach is significantly more costly and time 

consuming.  

Breakwaters have been used for centuries to protect harbours by creating a relatively protected 

area where ships may anchor or dock. Until relatively recently, breakwaters have been 

constructed mainly of block work walls (Allsop, 2009) which work by blocking, refracting, 

and redirecting waves so as to create a calm area, or a harbour. Breakwaters, along with other 

hard defences are also prone to increasing down coast erosion (Cipriani et al., 2003); despite 

generally achieving their original aim of creating a harbour, they increase deleterious effects 

down coast.  



	

	 9	

	

Gabions are wirework containers filled with rock, broken concrete or other material generally 

used in smaller constructions such as dams, retaining walls, debris catchment fences, stream 

and river bank stabilization projects, and other small scale projects where sturdy and stable 

infill is required. They are not strictly used in marine-terrestrial interfaces, but are used 

anywhere terraforming is required.  

Cliff stabilization techniques are varied and not limited to marine-terrestrial interfaces. Many 

road-side cliffs are stabilized using de-watering techniques, in which the water table is 

lowered below the base level of the cliff to reduce erosion. Anchoring, wiring, or concrete 

supports are also used (Phillips, 2009) to hold cliffs in place. Furthermore, gunnite or shotcrete 

has been applied to cliffs in order to lessen visual impacts while hardening the cliff face 

(Griggs, 2005).  

2.4.1 Hard Defences 

Hard defences all have an impact on the greater beach morphology down-current as they stop 

or greatly decrease the movement of substrate (Aminti et al., 2004). This leads to a 

degradation of beaches down-current from fixed coastal defence structures – and an increase 

of sand around coastal defence infrastructure, such as groynes (Aminti et al., 2003). This 

ongoing disruption of the natural geomorphology leads to further construction of hard 

defences to further fix the coastline in place, leading to a requirement for further coastal 

defences. One of the most heavily armoured coastlines in the world, Tuscany, Italy, now has 

2.2 kilometers of hard defences for every kilometer of coastline. (Aminti et al., 2004). These 

structures, despite each individually serving their purpose of protecting a small section of 

coastline, have cumulatively increased near shore erosion as the “wave reflection pushes 

sediment flux offshore, inducing downdrift erosion” (Aminti et al., 2003). There is now 

ongoing research to determine if some or all of these breakwaters can be removed and 

replaced with natural defences.  

Furthermore, hard defences are generally only as good as the foundation they are built on. In 

many cases, sea walls or rock armour built on sand, clay, or in some cases bedrock are 
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eventually undercut and therefore undermined (Buckeridge, 1995). Modern cliff and seawall 

defences are increasingly using a ‘shield’ of rock armour at the base to minimize undercutting.  

2.4.2 Soft Defences 

Soft tactics work with and enhance natural processes, such as beach 

replenishment/nourishment. When undertaking beach nourishment projects, sand is added, 

generally mechanically, along the coast to replace and build-up degraded beaches further 

down the coast. This sand is transported by long shore and cross shore currents to degraded 

beaches, maintaining or improving them by utilizing natural wave patterns. A downfall of this 

approach is the need for constant maintenance and year-to-year expenditure. However, this 

course of action can indirectly pay off by reducing storm damage to near shore properties by 

lessening storm energy impacting human structures (Hsu, 2005), leading to less financial 

expenditure overall. Further soft tactics include dune stabilization and accretion, as well as 

beach drainage systems in which the water table is artificially lowered beneath the sand, 

causing sand accretion.  

Another ‘soft defence’ tactic is not a defence at all, but rather a tactical retreat from an 

advancing ocean / declining shore. The strategy of a managed retreat is controversial and 

prone to many complications, not the least of which is how far to retreat, how much to 

compensate land owners whos land must be abandoned, future land-use developments, and the 

political climate (Alexander et al., 2011. Cooper, 2003). 

2.5 Biological Defenses 

Vegetation has long been understood to minimize erosion and provide structural support in 

terrestrial environments around the world, along with providing other ecosystem services such 

as habitat, biofiltration, flood control, water retention, and a host of other services (Mork 

1996, Augustin et al., 2009). Recently, this focus has widened from terrestrial and riparian 

vegetation to near shore aquatic vegetation such as mangroves, eelgrass, and seaweeds 

(Augustin et al., 2009). Studies have found that marine vegetation protects communities and 
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coastal environments alike by reducing near shore wave height and altering sediment transport 

budgets and processes (Guannel et al., 2015), leading to a less damaging wave regime. 

The presence of dense vegetation within the wave zone has been observed to increase 

sediment deposition by wave damping (Mork, 1996). As a wave passes through a vegetation 

field, it exerts work on the vegetation; therefore, the wave possesses less energy and therefore 

less ability to entrain and move sediment after leaving the vegetation field. Due to the fact that 

waves exert work on submerged and partially submerged vegetation, such as seaweed, 

eelgrass, and mangroves, these biological communities have proven to act as a buffer zone 

against waves (Luhar et al., 2010, Asano et al., 1996), protecting the shoreline behind from the 

full force of wave impacts. It is clear that aquatic vegetation has the potential to protect coastal 

areas from shoreline erosion during both regular wave action and storm level events (Guannel 

et al., 2015). 

2.6 Biological Colonization of Marine Structures 

In contrast to terrestrial environments such as cities, artificial marine structures such as 

breakwaters or groynes have received limited attention from ecologists in regards to biological 

communities (Bulleri, 2006). Thousands of kilometers of coastline are now protected by hard 

structures (Guannel et al., 2015) with more being constructed in order to deal with extreme 

events and sea level rise (Firth et al., 2014, Moschella et al., 2005, Bray and Hooke, 1997). 

Therefore artificial marine structures play a significant role in coastal ecology, particularly 

near human settlements. While the main objective of coastal defences such as seawalls is to 

alter hydrodynamic regimes and sediment budgets in order to protect coastal anthropogenic 

developments, it is apparent that all structures and debris placed in the sea will be colonized 

by marine organisms, regardless of efforts to the contrary (Firth et al., 2014). 

Most research in this field has involved hard structures on hard benthic substrate, such as 

bedrock, which plays host to a range of organisms (Vaselli et al., 2008). In recent years, 

research has been undertaken to determine how hard defences such as breakwaters can be used 

to fill ecological niches in conjunction to fulfilling their primary role of physical wave 

defences; habitat has been created by drilling pits, building artificial tidal pools, and 
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instigating cracks in rocks used for coastal defensive structures. These artificial intertidal 

enhancements have proven to increase biomass as well as diversify and increase the biological 

communities living on hard coastal defences (Firth et al., 2014, Browne and Chapman, 2006).  

Artificial marine structures will never support the same diversity as natural rocky shores for a 

number of reasons: they are generally on the edge of sand environments, leading to increased 

scouring and associated mortality of organisms (Moschella et al., 2005, Airoldi 2003); they 

have a limited vertical and horizontal extent (a vertical sea wall compared to a gently sloping 

rocky beach will possess significantly less colonisable area), as well as having significantly 

less surface area than natural environments such as headlands (Firth et al., 2014, Moschella et 

al., 2005). Despite this, colonization “cannot be avoided” (Firth et al., 2014) on marine 

structures and therefore artificial marine structures should be designed to cultivate growth by 

desired or ecologically significant organisms. Browne and Chapman, 2011, found that 

‘ecological engineering’ can greatly improve biodiversity on and along artificial marine 

structures. 

Despite artificial marine structures inability to mimic a natural reef or shoreline, multi function 

artificial reefs have proven to play home to increase in biomass and productivity as the reef 

ages and mature fish and epifaunal communities establish. Artificial incidental reefs 

constructed in the North Sea have shown increased biomass over time (Leitao et al., 2008) as 

epifaunal communities and generations of fish inhabit the MFARs (Herbert et al., 2017). This 

proves that biological communities require time to fully utilize MFARs; due to this, meeting 

biological goals while designing artificial marine structures may take years or decades.  

As many marine artificial structures occur at the edge of sand boundaries, the effects of sand 

scouring and deposition is enhanced by storms, leading to sand burial after high energy events. 

This was found to kill all organisms 0.5 meters up from the bottom of sand-seawall borders 

(Moschella et al., 2005), creating a dead zone. Exposure to wave action also plays a role with 

protected areas, such as between rocks or behind boulders showing a higher species diversity 

and numbers (Firth et al., 2014). Although these studies took place on coastal marine 

structures such as seawalls and groynes within the intertidal zone, it is reasonable to expect 

similar effects on entirely submerged artificial marine structures as well.  
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2.6.1 Artificial Reefs 

Hundreds of artificial reefs have been constructed around the world for a variety of purposes 

including, but not limited to: habitat replacement, pelagic fish habitat enhancement, surf break 

creation and/or enhancement, beach widening, sport fishing, and snorkelling and diving 

attractions (Ng et al., 2013, Baine, 2001). Artificial reefs have been constructed out of 

numerous materials; sometimes whatever is at hand, such as garbage, but most often out of 

rock and concrete. Other materials have included fish attracting devices, offshore platforms, 

tires, stabilised ash waste and harbour mud, plastic, shipwrecks, decommissioned and/or 

destroyed ships, train cars, vehicles, wood, metal, rope, and a number of other unspecified 

materials (Deysher et al., 2002. Baine, 2001). Some of these well intentioned yet poorly 

executed artificial reefs have proved problematic. For example, artificial reefs made of tires 

can be partially or completely destroyed by storms and spread over the benthos, as well as 

washing up on shore (Morris et al., 2018, Myatt et al., 1989). For this reason, recently 

constructed artificial reefs are constructed of sturdier materials, such as quarried rock and 

concrete (Elwany et al., 2011).  

2.6.2 Artificial Reefs and Demersal Fish Habitat 

The addition of hard substrate to sandy bottomed areas, such as for wind turbine foundations 

or shipwrecks has resulted in altered habitat composition (Reubens et al., 2013). In the Belgian 

region of the North Sea, there are over 300 shipwrecks and a similar amount of wind turbines 

significantly altering the substrate composition, which is naturally sandy (Termote and 

Termote, 2009). These incidental artificial reefs provide habitat for hard substrate dwelling 

fish, such as Gadus morhua, also known as Atlantic cod (Leitao et al., 2007). The artificial 

habitats have been reported to concentrate or enhance fish stocks due to increased protection 

against currents and predators, improved nursery habitat, additional food provision, and 

increased feeding efficiency (Leitao et al., 2008). The study done by Leitao et al. in the 

Belgian North Sea indicated that seasonality and artificial reef age determined fish density 

around the artificial reefs. Longer term artificial reefs, such as shipwrecks with an established 

and mature epifaunal community tend to influence fish aggregation (Leitao et al., 2008) in that 

older artificial reefs generally have greater fish assemblages. Regardless of age of the artificial 
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reefs, it is clear that they attract fish in greater numbers while enhancing habitat as compared 

to the ‘natural’ sandy substrate (Reubens et al., 2013).  

2.6.3 Artificial Reefs designed for Kelp 

The majority of artificial reefs are designed so that the material the reef is constructed of 

directly provides improvement of an ecosystem service or recreational value. For example, a 

shipwreck directly provides a complex fish and epifauna habitat (Leitao et al., 2008), while 

geotextile reefs can directly alter the bathymetry to alter or create surf breaks (Ng et al., 2013). 

Reefs have been designed to create kelp specific habitats, such as in southern California as a 

replacement for the kelp habitat destroyed during operation of the San Onofre Nuclear 

Generating Station. The Wheeler North Reef, at San Clemente, California, was designed to 

“grow and sustain giant kelp and the associated ecological community” (Elwany et al., 2011). 

This reef, at approximately 70 hectares or 0.7km2 is the largest constructed artificial reef in the 

United States, not including shipwrecks.  

Wheeler North Reef was constructed in two stages. First, a small scale (0.09km2, or 9ha) 

experimental reef was constructed over 35 days using various hard substrate coverage 

densities (low; 17%, medium; 34% and high; 67%) over the sandy bottom in order to 

determine the optimal substrate density for kelp habitat. 56 polygons made of the various 

substrate densities, each measuring 40m2 were placed across the 0.09km2 designated for the 

test phase of the reef. Deposited by a barge-mounted front end loader, the total material for the 

experimental reef consisted of 18 500 tonnes of quarried rock and 15 400 tonnes of broken 

concrete, covering 2240m2 or .00224km2. During the test reef construction phase, the rocks 

used were 0.7 x 0.5 x 0.4 meters to ensure low relief. Construction of the reef was finished in 

September 1999 and monitored for six years, with quarry rock proving to be the most effective 

material for reef construction (Elwany et al., 2011) in terms of kelp recruitment. The Wheeler 

North reef construction material and dimensions were determined by multiple factors as 

shown in Figure 1.  
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• Water depth to be between 11 and 15 meters (optimal depths for kelp in the area) 
• Sand depth to be less than 0.5 meters so that reef substrate would not become buried 
• Must avoid exposed hard substrate areas that could support natural kelp 
• Reef material not to be deposited within 50 meters of areas of special interest (e.g., fishing 
sites) 
• Adequate navigation channels from inshore to offshore to be provided 
• Located in close proximity to the natural San Mateo Kelp Bed so that no seeding would be 
necessary 
• Materials used to build the reef were to be: free from contamination and foreign materials, of 
specific gravity greater than 2.2, and of physical properties that would remain unchanged after 
30 years of submersion in seawater 

Figure 1 - Design criteria for the construction of Wheeler North Reef (Elwany et al., 2011). 
San Clemente specific design considerations were omitted 
 

Surveys using SCUBA in California waters show that low relief substrate was the most 

effective kelp habitat, and high relief substrate did not support kelp plants for more than two 

years (Patton et al., 1994). The optimal kelp substrate and distribution proved to rise 0.5 

meters off the existing sand sea floor in scattered outcroppings, so that kelp may take 

advantage of storms and natural sand scouring existing substrate and eliminating other sessile 

organisms, allowing new space for the kelp to colonize. However, this study refers to 

Macrocystis pyrifera, which naturally grows in different densities and at different depths than 

Laminaria hyperborea (Mork, 1996, Elwany et al., 1995). Therefore it is worth noting that 

optimal conditions for Laminaria hyperborea in the north Atlantic may not be the same as for 

Macrocystis pyrifera in California. However, the principles remain the same; Skutulsfjörður 

specific MFAR design considerations will be discussed below.   

Along with low relief substrate proving optimal for kelp habitat, low substrate coverage (17-

25%) proved the most efficient for maintaining a mature kelp presence. Boulders deposited to 

construct the second and last phase of the Wheeler North reef were altered slightly and 

randomly from 0.7 x 0.5 x 0.4 meter rock dimensions in order to provide a natural reef 

environment with rocks of varying size (Elwany et al. 2011).  

Wheeler North reef was considered a successful mitigation project if “the four-year running 

average… (was) not significantly less than the reference reef having the lowest value for that 

performance standard” (SONGS Mitigation Monitoring Project, 2017). Wheeler North 

achieved favourable results in most categories such as maintaining kelp area, not harbouring 
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invasive or undesirable species, maintaining hard substrate, and general relative standards 

(sessile invertebrate coverage, fish production and reproduction, species richness, resident 

fish, and food chain support). However, due to the fact that fish standing stock (biomass) is 

still less than natural reefs, the Wheeler North reef has not earned any mitigation credits 

towards the replacement of the destroyed kelp forest on the natural reef due to the San Onofre 

Nuclear Generation Station’s warm water discharge plume (SONGS Mitigation Monitoring 

Project, 2017). Therefore it can be concluded that although the Wheeler North reef is a general 

success, it is not (yet) as productive as long-term natural reefs. Wheeler North will be 

monitored in the future to determine if these evaluation criteria will be completely met. As 

demonstrated by Leitao et al., 2008, artificial reefs standing biomass increases over time. It is 

plausible that not enough time has elapsed for Wheeler North for fish to utilize it to its full 

potential.  

2.7 Kelp and Waves 

2.7.1 Kelp 

Kelp forests are highly ecologically productive ecosystems that are products of rocky 

shorelines in cold waters globally, ranging throughout temperate and polar oceans (Steneck et 

al., 2002, Mann, 1973). Kelp grows on stone and rock, therefore it cannot colonize sandy 

benthic communities; it requires a hard rocky substrate, to which the holdfast (a root-like 

structure) attaches. The remainder of the kelp is composed of a stipe, one or multiple fronds, 

and sometimes a floatation bladder, depending on species. (Dubi and Tørum, 1994). As a 

primary producer, kelp extracts its nutrients from the water column (primarily nitrogen, 

phosphorus, and many other essential and trace nutrients) as well as absorbing sunlight and 

carbon dioxide through photosynthesis (Chung et al., 2013).  

Kelp forests are dominated by three distinct categorizations of kelp: canopy, stipitate, and 

prostrate. Canopy kelp includes the massive bull kelp (Neurocystis luetkeana) found off the 

coast of California, which can reach 36 meters in height and whos’ fronds float on the surface 

(Steneck et al., 2002).  
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Stipitate kelp, which includes the Laminaria family are held above the substrate with rigid 

stipes and can grow up to 10 meters tall, although most reach a maximum of five meters 

(Dayton, 1985). Laminaria sp. dominate throughout Scandinavia, the British Isles, South 

Africa, Japan, northern China, the Kamchatka Peninsula, and the north-eastern seaboard of 

North America. Other stipitate kelp genus include Pterygophora, Eisenia, and Pleurophyscus. 

(Steneck et al., 2002). Of interest to this paper is Laminaria hyperborea, a stipitate seaweed 

native to Scandinavia.  

Prostrate kelp cover the benthos with their fronds and also include members of Laminaria, 

although smaller than Laminaria hyperborea. Prostrate kelp within Laminaria includes 

Laminaria digitata, an intertidal seaweed that can be seen exposed by low tide throughout 

Iceland and greater Scandinavia (Steneck et al., 2002). L. digitata is also found within 

Skutulsfjörður within the intertidal zone.   

Kelp is a rapid colonizer of areas that have been disturbed or harvested. Due to the rapid re-

colonization abilities of laminarials, kelp community recovery following local extirpation is 

often rapid and widespread. (Reed et al., 1997, Hawkins and Harkin, 1985). The kelp of 

interest to this paper, Laminaria hyperborea, has been harvested by trawling off the coast of 

Norway for decades and the regrowth of disturbed kelp stands studied. It has been found that 

the Laminaria hyperborea has the ability to resist repeated disturbances (trawling) by 

maintaining various levels of understory and canopy (Christie et al., 1998) in a mature kelp 

forest, similar to a terrestrial forest with grasses and ferns, shrubs, and trees. In Icelandic 

waters, Laminaria hyperborea has been found to grow approximately 25 centimeters per year 

in a good growing year (Gunnarsson, 1991). 

In a dense kelp forest, juvenile Laminaria hyperborea can maintain at a small size (less than 

25cm) for several years until an opportunity to capture more light occurs (Christie et al., 1998) 

such as anthropogenic harvesting of larger kelp, or a large storm which ‘uproots’ and breaks 

adult kelp. This is necessary for continual species recruitment as mature Laminaria 

hyperborea forests reduce light penetration to the bottom by as much as 90% (Norton et al., 

1997), thereby restricting opportunities for photosynthesis for organisms below the canopy.  
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2.7.2 Laminaria hyperborea Habitat Preferences 

Laminaria hyperborea is found in a wide range throughout coastal Europe, from Portugal to 

Russia. Despite this range, the optimal latitude for this kelp is 63° – 65° N (Bekkby et al., 

2009, Kain & Jones, 1971); coastal environs within these latitudes occur off coasts of Norway 

and Iceland, as well as Sweden and Finland.  

Bekkby et al. undertook predictive mapping of the Norwegian coastline in regards to 

Laminaria hyperborea distribution by analyzing six of the relatively static and predictable 

geophysical phenomena controlling L. hyperborea distribution: depth, slope, terrain curvature, 

light exposure, and wave exposure (Bekkby et al., 2009) at 778 field sites at 62°N, Norway, 

near the municipalities of Møre and Romsdal. For each of these sites, kelp was visually 

classified semi-quantitatively in four categories as no kelp (0/m2), single plant (1-2/m2), 

medium dense (2-8/m2), and dense (≥10/m2) (Bekkby et al., 2009).   

Statistical analyses showed that of the six geophysical phenomena, depth was the most 

important factor, followed by terrain curvature, wave exposure index, light exposure, and 

slope. Optimal geophysical habitat for Laminaria hyperborea consists of a relatively shallow, 

wave exposed area with sufficient light exposure and intermediate terrain curvature (Bekkby 

et al., 2009). A rocky, gently sloping seabed with sufficient solar irradiation for 

photosynthesis, as well as exposure to wave action was found to be optimal Laminaria 

hyperborea habitat. Despite these six factors having strong correlation to optimal L. 

hyperborea habitat, the study by Bekkby et al., correlates strong wave action with a suitable 

substrate, as there is less opportunity for sedimentation with a strong current. Therefore, 

additional consideration is required within Skutulsfjörður to consider substrate composition as 

well as the aforementioned factors. 

The bathymetry within Skutulsfjörður, as illustrated in publications by the Hydrographic 

Department of the Icelandic Coast Guard shows a gently sloping ‘plateau’ north of Ísafjörður. 

Anecdotal observations and historical data indicate the frequent presence of heavy wave action 

in this area; two prerequisites for optimal Laminaria hyperborea habitat. However, substrate 

composition in Skutulsfjörður is unknown, requiring further research into the holistic current 
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suitability of this area as dense kelp habitat. The current wave regime has been verified by 

anecdotal observations and historical aerial photography, and was therefore not quantified for 

this thesis. Wave buoys exist in Icelandic coastal waters (B. Erlingsson, personal 

communication, May 11, 2018), though none are currently situated in Skutulsfjörður. Waves 

within Skutulsfjörður could be quantified by proxy readings from the wave buoys in 

Ísafjarðardjúp, however, this was not attempted due to a lack of access to wave data during the 

writing of this thesis.  

2.7.3 Laminaria hyperborea Reproduction, Settlement and Growth  

Laminaria hyperborea reproduction generally takes place over winter, with zoospores 

produced over six to seven weeks; the zoospores originate from the sori on the blade (Kain 

and Jones, 1975). While the zoospores are greatly dependently on the current, they also 

possess flagellum for the first 24 hours after detachment and can range up to five kilometers 

away from their parent (Norton, 1992). After the flagellum becomes ineffective, the zoospores 

settle to the substrate where they become dioecious gametophytes, becoming fertile in 10 days 

under optimal conditions (Kain and Jones, 1975).  

The development of the gametophytes may be delayed under less than optimal conditions until 

better conditions occur, for example when a critical amount of blue light available (Lüning, 

1980). This is likely the case in Skutulsfjörður which does not see significant direct insolation 

until late February due to mountainous terrain, and the low angle of the sun.  Once conditions 

are suitable, male gametophytes release motile sperm which fertilize the eggs of the female 

gametophyte, creating a new diploid sporophyte (Kain and Jones, 1975). This will grow into a 

new kelp unit.  

2.7.4 Waves 

Waves are instigated by a number of phenomena: tectonic activity, landslides, volcanic 

eruptions, gravitational pull, and wind. While tsunamis, which are sometimes created by 

earthquakes, and tides, put in motion by the pull of the sun and the moon on earth’s oceans are 

in fact waves, they are waves with extremely long wavelengths; a factor that will make them 

irrelevant to the purpose of this research.  
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Conversely, wind waves have significantly shorter wavelengths and repeat regularly. Wind 

waves, generated by localized wind conditions, may be known to maritimers as ‘whitecaps’ or 

‘chop’ are defined as a wind sea. Waves generated hours or days earlier are known as swell 

and may have originated thousands of kilometers away from the point of impact on shore 

(Breugem and Holthuijsen, 2007). Wind waves are a stochastic phenomenon, differing in 

duration, height, shape, propagation and decay with seeming randomness (Thorpe, 2001). 

However, the majority of waves travel in the prevailing direction of the wind, with a few 

temporary localized exceptions.  

All waves are subject to the same definitions of wavelength, trough, crest/peak, period, and 

amplitude. Wavelength is the distance between two troughs, measured in seconds as waves 

pass a given point. The trough is the low point between waves, whereas the crest/peak is the 

high point. The wave period consists of the time required, measured in seconds, for two wave 

crests to pass a single point. Amplitude is defined as the distance from the normal ‘still’ water 

level to the peak of the wave, see Figure 2.   

 

Figure 2 - Wave terminology (Crowsnest / Kraaiennest, 2008) 

Waves do not move water through the ocean, but are created by the manifestation of energy 

travelling through the ocean in the form of waves. This energy takes an orbital path in the 

water column, with deeper orbits becoming consecutively less energetic, see Figure 3.  
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Figure 3 - Elliptical orbits of wave energy (Stoffer, P. 2016) 

When waves reach a depth equivalent to half the wavelength or less, the orbital paths begin to 

interact with the bottom, which does not allow the lower wave energy orbits to turn freely; this 

causes the orbits to flatten out. The wave then begins to rise up, or shoal, as the bottom of the 

wave travels more slowly than the top, leading to what is known as a transitional wave. As the 

wave progresses shoreward, the depth continues to decrease. When the wavelength is greater 

than 1/7th of the wave height; or the wave height is greater than ¾ the water depth; or the crest 

of the wave forms an angle less than 120 degrees, the wave will break, see Figure 4. 

 

Figure 4 - Breaking waves and elliptical orbits of wave energy (Stoffer, P. 2016)  

Once a wave breaks, it becomes a shallow water wave and is subject to the same processes. 

These waves include wind generated waves that have moved into nearshore areas, as well as 

tsunamis and tides, due to their massive wavelengths. Wind driven shallow water waves are 

not nearly as powerful compared to deep water waves that have become transitional waves, 

and are therefore less effective agents of geomorphological change.  

2.7.5 Kelp and Wave Interactions 

It is an established fact that nearshore vegetation such as mangroves, eelgrass, and seaweed 

increases wave attenuation and therefore provides an ecosystem service by protecting the 

landward coast from the deleterious effects of stronger waves (Narayan et al., 2016. Bradley 
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and Houser, 2009. Løvas, 2000. Asano et al., 1996. Mork, 1996. Dubi and Tørum, 1996 and 

1994. Dubi 1995). This process of attenuation occurs as the wave passes through the 

vegetation field, where the wave exerts work upon the vegetation and therefore expends some 

energy (Dubi and Tørum, 1997). The degree of attenuation is determined by several factors: 

water depth, wave period, as well as buoyancy, rigidity, density and coverage of vegetation 

(Augustin et al., 2009).  

Laboratory experiments by Dubi and Tørum in 1996 revealed that waves travelling through 

kelp beds of sufficient density have both their wave heights and wave lengths decreased. In 

both theoretical and laboratory tests, the degree of attenuation, delimited by the damping 

coefficient, is governed by the wave period. The damping coefficient is also determined by 

vegetation density as well as depth. 

Dubi and Tørum, 1996, found that wave attenuation is most significant in shallow water (four 

to 10 meters), becoming ‘negligible’ in waters deeper than 10 meters. Wave tank modelling by 

Dubi and Tørum found that a 50% decrease in wave energy could be facilitated by waves 

transiting through as little as 74 meters of Laminaria hyperborea at four meters of depth, with 

a density of 12 kelp plants per square meter. See Table 1 for a full range of values for a 50% 

decrease of wave energy in depths of four to 10 meters. 

Depth (meters) Distance travelled by wave 
(meters) Energy Reduction (%) 

4 74 50 

6 216 50 

8 495 50 

10 1390 50 

Table 1 - 50% reduction in wave energy in waves travelling over kelp beds with a density of 
12 per m2 at various depths (Dubi and Tørum, 1996)	

The numbers provided by Dubi and Tørum, 1996, for a theoretical 50% reduction in wave 

energy are dependent on the kelp density and size, as well as water depth and wave period. 

However, measurements analyzed provided the same damping coefficient independent of 

wave height, but dependent on wave period (Dubi, 1995). This indicates that it is the spacing 
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between waves that determines the amount of drag exerted by the kelp on the waves, rather 

than the wave size itself. Due to the fact that once kelp is ‘stretched out’ by the wave, it 

requires a small amount of time to revert back to its normal (still-water) upright structure. 

Once the kelp is stretched out in the same direction as the passing wave, it is no longer 

exerting noticeable drag on the wave as it is streamlined, with minimal frond and stipe surface 

interacting with the wave. Due to this phenomenon, wave trains with unusually long 

wavelengths may prove the exception to noticeable wave energy attenuation by submerged 

vegetation such as Laminaria hyperborea, although this has never been documented in the 

field.  

Several different models have attempted to quantify the damping exerted upon waves by 

plants, however the interaction of the medium (water) and plants changes the profile, structure 

and surface area of the plant (Augustin, 2009), and therefore the ability of the vegetation to 

exert drag on wave orbits. The variability of wave damping, whether exerted by eelgrass, kelp, 

or emergent wetland plants is enormous and therefore impossible to define as a generalized 

behaviour (Mendez and Losada, 2004). Nevertheless, it is clear that the wave energy orbits 

require interaction with a significant cross section of plants at or greater than a certain density 

threshold in order to attenuate noticeably; individual, sparsely populated vegetative 

communities do not provide significant wave attenuation.  

This is clearly illustrated by comparing field studies on wave attenuation through kelp beds in 

California and Norway by Elwany et al., in 1995 and Mork in 1996, respectively. The 

California studies analyzed kelp (Macrocystis pyrifera, also known as giant kelp) at a lower 

density (10 plants per 100 m2) as contrasted to Mork’s work in Norway, which focused on 

Laminaria hyperborea, sometimes called ‘tangle’ or ‘cuvie’. Mork’s study examined areas 

with an average of 17 plants per m2 . Although Mork was studying Laminaria hyperborea as 

compared to Macrocystis pyrifera, which is notably larger, the surface area of the combined 

Laminaria hyperborea was greater. Furthermore, Macrocystis pyrifera grows in water of eight 

to 20 meters of depth (Elwany et al., 1995) compared to Laminaria hyperborea studied by 

Mork growing at a range of five to 15 meters deep.  
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The kelp beds off the coast California were found to have a negligible impact on wave energy 

(Elwany et al., 1995), while in Norway they were demonstrated to have an enormous impact; a 

reduction in wave energy ranging from 60 to 85% (Mork, 1996). Mork concedes that some 

wave damping may have been a result of bottom refraction. However, even with bottom 

refreaction removed from the calculations, the range of wave attenuation proved to consist of a  

60 to 75% wave energy reduction over a distance of 258 meters. The highest rate of 

attenuation occurred at low tide (Mork, 1996, 1995). Water levels determine the variations in 

height and velocity of the fluid as water rushes up the beach, therefore altering the swash force 

(Løvas and Tørum, 2001) and the sediment carrying capacity and erosive potential therein. 

Mork notes that since his study area was trawled some years prior, the kelp was mainly 

uniform in life stages, and therefore kelp of similar size uniformly interacted with waves.  

Although an anecdotal source, surfers off the coast of California speak about how the macro-

kelps – Macrocystis sp. apparently make a noticeable impact on waves by ‘cleaning up’ the 

waves by filtering out the wind sea, or ‘short term chop’ without altering the swell. This 

occurs due to the fact that Macrocystis sp. grow at deeper depths, often in water beyond the 

‘break point’. This is likely due to the morphology of Macrocystis sp.: the bladder allows the 

fronds to float on the surface, where they increase water tension. However, Elwany et al. 

found there to be negligible impact on overall wave energy, possibly due to the fact that the 

kelp was growing deeper than the zone where waves begin to shoal. Elwany et al. note that 

their experiment did not detect any change in wave energy for waves with a period of three to 

20 seconds. Conversely, Morks’ study noted a significant decrease (60-85%) with a wave 

period of seven seconds.  

It is important to note the variability in species morphology and spatial distribution between 

Macrosystis sp. and Laminaria hyperborea. While Macrosystis sp. is much taller than 

Laminaria hyperborea, the latter grows more densely and at shallower depths, allowing it to 

expose much more cumulative surface area to wave energy orbits and therefore exert a much 

larger damping affect. Vegetation in wave zones does not move in a random manner but 

groups of plants sway in sync (Asano et al., 1996) therefore dense forests of kelp will have 

more of an affect on wave attenuation than single plants widely dispersed. 
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It is apparent that a generalized formula cannot be applied to kelp and wave energy in general 

due to wildly variable species morphology, biogeography, speciation, and seasonal changes. 

However, it is documented and proven that with requisite bathymetric conditions, waves, and 

species, kelp plays an important role in near shore hydrological processes such as waves and 

currents.  

2.8 Stressors and Threats to Kelp 

Kelp forests are widespread ecosystems that demonstrate significant geospatial and temporal 

variability depending on nutrients, light intake, water temperatures, and herbivorous pressures 

(Smale et al., 2013). Because of this, kelp forests can suffer reductions of tens to hundreds of 

kilometers per year (Wernberg et al, 2012). However, kelp are rapid colonizers and re-

colonizers (Reed et al., 1997) of disturbed areas, should environmental conditions allow. 

Given this high level of resilience from disturbances, a kelp forest can fully recover from 

disturbances within three to five years (Smale et al., 2013, Mork 2006, Hawkins and Harkin, 

1985). However, Smale et al. note that kelp resilience can be degraded by exposure to multiple 

acute and chronic stressors. 

Some stressors, such as seasonal water temperature, are predictable. However, herbivorous 

pressures such as from sea urchins are often not predictable, although case studies from the 

east and west coasts of North America have proven that predators such as sea otters or cod do 

keep urchins in check. (Wilmers et al., 2012, Scheffer et al., 2005). Urchins create ‘urchin 

barrens’ when there are insufficient predators to keep them in check. Therefore, if keystone 

species such as otter or cod are maintaining at healthy levels, it stands to reason that the urchin 

population will be kept in check, and therefore kelp forests will not suffer widespread 

predation should a healthy urchin predator population exist.  

Urchin consume kelp in ‘grazing fronts’, consuming what they can access (the holdfast) 

(Schiebling et al., 1999) as they are a benthic grazer. Once the holdfast has been weakened 

and/or consumed, the kelp structure is compromised and the remainder of the macroalga drifts 

away and is either washed ashore or undergoes sand burial. Urchins will consume and breed 

until they have created an urchin barren. The urchins remain on the barren, but in lower 
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numbers and smaller size consuming any macroalga that manage to establish, therefore 

maintaining the barren (Rowley, 1989). This is a stable state which maintains itself until the 

onset of an urchin-targeted disease or predatory pressure, for example by sea otters. 

(Hernandez et al., 2010).  

Iceland-specific literature regarding historical urchin settlement and urchin barrens is mostly 

lacking aside from one case study in Eyjafjörður in 1995 where it was found that urchins had 

mostly deforested the kelp within the fjord (Hjorleifsson et al., 1995). Similar cases have been 

documented in other north Atlantic nations such as Norway, Canada, and the British Isles 

(Leinaas and Christie, 1996, Mann, 1977). Fagerli et al., 2013, found that a decrease in sea 

urchin settlement allowed for an increase in kelp recruitment and maintenance of a steady 

population. This must be kept in mind when considering kelp in Icelandic waters, as urchins 

and kelp are both prevalent in shallow waters around Iceland (A. Tyas, personal 

communication, Sept 30, 2017). 

2.9 Kelp, Hydrodynamic Flow, and Sediment  

It is widely accepted that kelp forests of sufficient density decrease the energy in wind and 

wave driven circulation (Bradley and Houser 2009, Rosman 2007, Mork 2006, Løvas 2001, 

Løvas and Tørum, 2001, Dubi and Tørum 1996, 1994) by increasing drag in the water column. 

When currents and/or waves decrease in energy, so does the size of the substrate they are able 

to entrain or move (Sklar and Dietrich, 2001). However, minimal work has been conducted to 

quantify how much sediment is dropped out of entrainment when wave energy decreases. 

Current sediment transport models do not generally account for the presence of vegetation as 

they are challenging to quantify and qualify in relation to physical processes (Masteller et al., 

2015). 

Given that natural kelp forests do not routinely undergo sand burial, it is a reasonable 

assumption that the sediment that was entrained in the water column exits the kelp forest along 

with the now-decreased wave energy. Laboratory experiments by Løvas and Tørum, 2001, 

show that while kelp forests decrease wave energy in general, they do create a narrower, more 

locally powerful undertow above the canopy. Of pertinence to this study, they have 
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demonstrated that water velocities also increase closer to the benthos with a kelp forest 

presence, leading to the existence of two separate, narrow currents travelling above and below 

the kelp forest canopy.  Therefore it is likely that finer sediment that was travelling as 

‘suspended load’ (within the water column, but not touching the benthos), becomes ‘bed load’ 

(travelling along the bottom) within the kelp forests as the vegetative community attenuates 

wave energy orbits therefore causing the carrying capacity of the wave energy to decrease. 

This alteration in the sediment regime continues to be propelled shoreward by lowermost of 

the currents created by the kelp forest canopy, which allows this sediment to continue 

shoreward as bed load. 

Furthermore, due to this general decrease of wave energy yet ability to maintain shoreward 

sediment movement, kelp forests have the ability to increase sediment accretion shoreward of 

the forests (Løvas and Tørum, 2001). This leads to wider and more gently sloping beaches 

behind kelp forests, as compared to more exposed beaches.  

Conversely, kelp has the ability to lower the threshold of entrainment by 50% on cobble sized 

substrate with kelp or multiple kelps attached (Carling, 2014). Masteller et al., 2015, found 

that critical stress (strength of water movement required to entrain sediment) is reduced by up 

to 92% for coarse sediments. This entails that coarse sediment and cobbles that are normally 

too large for standard sized waves to entrain are able to migrate shoreward, contributing to 

beach accretion. However, this has implications for artificial reef design and implementation 

as substrate that would normally be heavy enough to remain immobile through heavy wave 

action may not remain so when colonized by kelp.  
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3 Background 

3.1 Geography and Geology 

Ísafjörður is located in northwest Iceland, in the mountainous Westfjords, at approximately 66 

degrees north. The mountains surrounding Skutulsfjörður, the fjord the town is located in, rise 

steeply from the ocean to plateau in relatively flat ridges at approximately 700m above sea 

level. Due to this sheer topography, flat land suitable for building is uncommon in the 

Westfjords, and coastlines are steep and precipitous. Ísafjörður, settled for over a thousand 

years according to the Landnámabók [Book of Settlement] has been built on a sand spit 

protruding into Skutulsfjörður. Creating a settlement here has given Icelanders the benefit of a 

safe harbour in proximity to excellent fishing grounds, as well as protection from snow 

avalanches.  

The geologic origins of the sand spit are uncertain, although geologists theorize that a large 

rockslide may have created enough of a ‘spit’ that sediment began accreting around the rock 

fall in the fjord. Regardless of origins, the peninsula is composed mainly of sand, gravel, and 

cobbles. In recent years, additional land has been created by dredging sediment from Sund as 

well as depositing garbage as infill on the southern end of the spit. The spit is now protected 

on all ocean edges by significant rock armour, placed over the past five decades. Plans 

currently exist to expand the spit one more time via dredging and deposition, though city 

officials assert that this will be the last possible southward expansion of the peninsula, and 

further growth will have to take place elsewhere in Skutulsfjörður (R. Trylla, personal 

communication, October 3, 2017).  

It is important to note that as Ísafjörður is partially built on a peninsula, it is exposed to wind, 

waves, and coastal geomorphological processes from three directions. Of particular 

importance to this study are wave erosion, accretion, and long shore drift.  
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3.2 Weather and Climate 

Despite its northerly location 50 kilometers south of the Arctic Circle, Ísafjörður, like much of 

Iceland, enjoys a relatively mild and temperate climate due to the Gulf Stream bringing warm 

waters from the Gulf of Mexico. While Ísafjörður is closer to the Greenland current than 

Reykjavik and is therefore generally colder, it is still affected by the warmer current 

circulating around ¾ of Iceland (Figure 5), leaving Ísafjörður temperate year round.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5 - General pattern of currents around Iceland (Gunnarsson, 1991). Blue represents 
cold currents, red; warm currents, and the fine black arrows represent the coastal current.  

The mean annual temperature at sea level is approximately 4C°, with the coldest months 

coming from January to March, while July and August have proved to be the warmest months 

over the 30 year period of 1961-1990 (Meidinger, 2011, Icelandic Meteorology Office, 2015). 

While snowfall is common in winter, temperatures rarely dip below -10C° and do not maintain 

at such lows. The mean temperature over the coldest period (January to March) is -1.4C°, 

insufficient to freeze seawater.  
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During the summer, temperatures are rarely greater than 20C°, with an average daily 

temperature of 9.5C° during the warmest months (Icelandic Meteorology Office, 2015). 

Marine breezes tend to moderate temperatures well, keeping the air temperature cool during 

the summer.  

The climate is sub-polar and although the mean temperatures are moderate, there can be 

sudden onsets of turbulent weather systems that bring irregular and sudden heavy rain and/or 

snowfall, due to the Westfjords location on the North Atlantic low pressure systems track 

(Decaulne and Saemundsson, 2006). These can lead to melt water floods in town, as occurred 

in 2015, as well as heavy discharge and the associated sediment from creeks.  

3.3 Atmospherics and Wind 

The strongest winds occur over winter, predominately blowing from the northeast. Although 

notable southwest winds exist, southwesterlies blow most prominently during late December, 

January, and September. For most of the year, the dominant wind comes from the northeast   

(Figures 6 and 7). This wind drives waves and swell off the Arctic Ocean into Ísafjarðarjúp 

and from there into Skutulsfjörður.  
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Figure 6 - Frequency of wind direction at Ísafjörður from 2005 – 2014. (Icelandic 
Meteorology Office, 2015) 
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Figure 7 - qqq 

3.4 Flooding  

Although minimally discussed in this paper, the effect of wind loading against the peninsula in 

Pollurinn during southerly wind events can cause flooding within the downtown core of 

Ísafjörður. During sustained strong southerly wind events, water is ‘piled’ against the 

peninsula and cannot escape to the open sea. Combined with high tides, this has created 

seawater floods in the low lying areas of downtown such as the main street Hafnarstræti in 

2006 (Meidinger, 2011). Southerly wind events and high tides have caused seawater flooding 

in Ísafjörður several times in the past century, proving this is not an isolated occurrence. The 

municipality of Ísafjarðarbær has considered pre-emptive solutions such as digging a channel 

through town to let wind-piled water through, as well as increasing the surface tension of 

Pollurinn by floating a significant number of boards. To date, no solutions have been 

implemented.  

An additional flood risk occurs during winter when warm, high precipitation events impact the 

Westfjords causing rapid snowmelt along with heavy rainfall. In 2015, this type of event 

caused flooding along the upper slopes of the town (along Túngata and the sports fields). It is 
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thought that new construction of avalanche barriers above the town re-routed the drainage 

patterns, which promoted flooding.  

3.5 Erosion and Accretion 

As Ísafjörður is built on a sand spit (Figure 8), significant amounts of sediment transport 

within the waters around the peninsula occur. The channel (Sund) requires dredging 

approximately every two years for navigational purposes as per the Ísafjörður harbour master 

(G. Kristjánsson, personal communication, September 17, 2017). In addition to navigational 

needs, dredging from Sund is used to create infill to create more developable land for 

Ísafjörður. 
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Figure 8 - Skutulsfjörður (Landmælingar Islands, 2017) 

The distance from the head of the fjord to the peninsula from the south is approximately four 

kilometers – a fetch long enough for wind to create significant wind waves, but minimal swell. 

Conversely, given that the predominant wind and potential fetch distance available for strong 

waves to build from the north, it is clear that the majority of sediment is carried by wave 

action (swell), and the resultant long shore drift from the north to Norðurtangi and from there 

into Sund. The sediment is of both natural and anthropogenic origin. The many streams 

descending the sheer mountains bordering Skutulsfjörður carry a significant amount of 

sediment washing into the ocean; mainly sand, silt, gravel and pebbles, but occasionally larger 

cobbles and boulders, brought down by land slides following watercourses. Furthermore, there 

is a dump site for earth debris near Urtusteinn between the road and the ocean, where waves 

erode the deposited strata and entrain it, moving it towards Norðurtangi and into Sund. Much 
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of this earth debris comes from the construction and excavations for avalanche protection 

walls.  

The	rock	armour	along	the	north	beach	(Norðurtangi) was completed in 1996 according to 

historical aerial photo analysis. Prior to that, important infrastructure such as an apartment 

complex and the fire hall were protected individually as seen below in Figure 9. 	

 
Figure 9 - Norðurtangi, 1994 (R. Trylla, personal communication October 5, 2017) 

While coastal protection structures such as rock armour tend to locally reduce erosion, they 

also cause erosion (or deposition) problems further along the coast (Phillips, 2009). 

Interestingly, while Sund does acquire sediments from Norðurtangi as proved by the regular 

need to dredge, the north beach here has slowly been accreting since the rock armour was 

made contiguous.  
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Figure 10 - Norðurtangi, 2006 (R. Trylla, personal communication October 5, 2017) 
 

 
Figure 11 - Norðurtangi, 2012 (R. Trylla, personal communication October 5, 2017)  

It is clear that the beach and near shore littoral zone have been accreting since installation of 

the contiguous rock armour, creating a wider beach, see Figures 10 and 11. This is a beach 

vulnerable to large storms, such as the six day windstorm of 2013 which saw much of the finer 

sediment stripped from Norðurtangi, leaving mainly gravels and cobbles (L. Renita, personal 

communication, October 5, 2017). The sand was replenished over the course of a few months 

and returned to a sand dominated beach below the high tide line, which occurs at the lower 

reach of the rock armour. Personal anecdotal observations from 2016 and 2017 have seen the 

beach acquire more cobbles and pebbles on top of the sand, suggesting that it is still very 
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geomorphologically active, as beaches tend to be. However, given that the aspect of the beach 

faces high energy waves, the stratum of the beach can greatly vary between seasons. 

These cobbles have migrated approximately 300 meters towards Sund over the course of three 

months of anecdotal observations during spring, indicating that even without sustained high 

energy events such as major storms, the beach is still heavily influenced by wave action – in 

particular, long shore and cross shore currents. Of particular importance to the shipping and 

fishing industry of Ísafjörður is long shore drift transporting sediment into Sund, filling the 

navigation channel.  

3.6 Issues to be addressed 

As long shore drift carries sediment into Sund, dredging is and will continue to be necessary to 

maintain the shipping channel. If the harbour authority were able to reduce the demand for 

dredging to less than once every two years, as currently occurs, the cost savings would be 

significant as well as environmental impacts lessened. Furthermore, as Ísafjörður seeks to 

continue to expand, further land will be needed, yet difficult if not impossible to find near the 

downtown core. As mentioned above, Ísafjörður can only be expanded by infill into Pollurinn 

once more before disrupting the shipping channel (R. Trylla, personal communication, 

October 3, 2017). Therefore alternate land will need to be re-zoned or created if Ísafjörður 

continues to grow. Should Norðurtangi continue to accrete, it could well become a viable town 

expansion zone, assisted by targeted human intervention and additional sea defences.  

Although the ongoing natural issues of Skutulsfjörður such as geomorphology and prevailing 

winds are known, the state of knowledge regarding the sea floor north of Norðurtangi is 

lacking. Depth is mapped at two meter intervals, though near shore contours are unknown due 

to insufficient depth for mapping ships to operate in. Furthermore, nothing is known of 

vegetation communities nor substrate composition other than the most generalized statements 

in that there is some amount of cobbles, kelp, and sand north of Ísafjörður, derived from 

observing alterations to the vegetative and substrate communities of the north beach after 

storms. Assessing and quantifying the benthic vegetation communities as well as substrate 

required surveying; this is addressed in the methodology.  
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4 Methodology 

4.1 Introduction 

The framework of this study rests upon the findings that kelp of sufficient density noticeably 

attenuates wave energy (Mork, 1996, Dubi and Tørum, 1996), as well as the metrics set out by 

Bekkby et al. (2009) denoting the five most important habitat requirements and environmental 

factors for L. hyperborea habitat: depth, wave exposure, terrain curvature, light exposure, and 

slope degree. Additionally, multiple studies affirm that kelp forests are most stable on 

immobile substrate (Elwany et al. 2011, 1995. Deysher et al., 2002) such as boulders or 

bedrock. To determine these factors in Skutulsfjörður, a visual survey of the benthos off the 

north coast of Ísafjörður analyzed substrate and existing biological communities in relation to 

existing geophysical and biogeographical conditions, while the meteorological requirements 

were derived from historical weather and climatological data to create an assessment of the 

viability of a multi functional artificial reef designed to nurture a dense kelp forest as a wave 

defence.  

Lab trials by Dubi and Tørum (1996) using model kelp as well as real world observations by 

Mork (1996) prove that wave energy can be reduced by up to 85% after travelling through a 

kelp field. For this study, a baseline for a 50% reduction in wave energy by Dubi and Tørum is 

used; refer to Table 1. The kelp is assumed to be at a density of 12 per m2, as delineated in the 

laboratory trials.  

Much of the bathymetry in the Westfjords is sheer with sudden drop-offs to depths deeper than 

optimum in regards to kelp habitat, rendering the requirements for significant kelp habitat 

moot. However, Ísafjörður possesses the requisite shallow, gently sloping area off the north 

coast of the peninsula, see Figure 12 below. A detailed chart for the micro bathymetry further 

north of Ísafjörður than shown below does not currently exist in map format.  
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Figure 12 – Skutulsfjörður bathymetry (Icelandic Coast Guard, Hydrographic Department. 
2001) 

Despite general knowledge of the bathymetry in waters deeper than four meters, knowledge of 

substrate type and vegetation cover was non-existent. Anecdotal observations of the north 

beach after storms reveal there must be some kelp, as mats of seaweed have been observed to 

wash ashore. However, in terms of geography, numbers, and density, it was a mystery. 

Additionally, precise near-shore bathymetric knowledge, particularly in regards to contours 

shallower than four meters, is lacking due to insufficient depth to operate mapping ships. 

Although detailed real world bathymetric measurements are mostly lacking at the time of 

writing in waters of less than four meters, this is irrelevant to this study as Dubi and Tørum 

(1996) found that wave attenuation due to kelp in waters deeper than 10 meters and shallower 

than four meters ‘negligible’. Although the Hydrographic Department of the Icelandic Coast 

Guard plans to publish a new, more detailed chart of Skutulsfjörður using multibeam sounding 

(existing charts use single beam), this resource was not published at the time of writing. This 
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updated chart does not have a set publish date, though it was expected to be out by late 2017 

or early 2018 (A. Vésteinsson, personal communication, July 9, 2017).  

4.2 Data and Materials 

4.2.1 Data  

To determine a study area (Figure 13), geospatial data was requested from the Hydrographic 

Department of the Icelandic Coast Guard of the bathymetry within Skutulsfjörður at as fine of 

resolution as possible. This was acquired at two meter contour intervals in the form of a 

shapefile. Additionally, geospatial vector data was downloaded from the Landmælingar 

Íslands (LMI) IS 50V database. Furthermore, historical analysis was conducted by analyzing 

LMI aerial photos as well as photos acquired by consulting the Ísafjarðarbær municipalities 

environmental officer, Ralf Trylla.  

Shapefiles of Icelandic coastline, topography, and the bathymetry of Skutulsfjörður were 

uploaded into Quantum Geographic Information Systems (QGIS) and aligned using the 

Lambert ISN93 / EPSG: 3057 projection. The four to 10 meter contours were isolated and 

manually traced to provide a study area approximately two kilometers long, ranging from 

Norðurtangi northwards, see Figure 12. It should be noted that much of the four meter contour 

is unknown as the water was too shallow for the mapping ship, therefore the study area would 

range further west if the four meter contour was fully known. 
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Figure 13 – Study area 

Along with fixed factors such as bathymetry and coastline, transient factors such as shipping 

lanes and fish farms had to be considered. In order to acquire recent and reliable shipping 

tracks, live automatic identification system (AIS) data were analyzed from marinetraffic.com. 

Ships with gross tonnage of over 300 tonnes are required to install and maintain an AIS 

transponder, which transmits vessel position, speed and course over ground, ship name, size, 

and next port of call. Of pertinence to determining a study area were the vessel tracks; 

although these tracks were not geotagged, the map was overlaid with bathymetry and 

topography uploaded in QGIS.  The large vessels proved to stay in water deeper than 10 

meters, therefore vessel traffic proved to be irrelevant to the study area of this thesis.   

The fish farm geolocation was acquired by analyzing Google Earth imagery, and the latitude 

and longitude of the fish farm cages were denoted. These coordinates were then inputted into 
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QGIS; the location of the fish cages were observed to occur in water deeper than 10 meters. 

This proved that the fish cages would not occur within the test plot and therefore would not 

interact with any potential artificial reef; the methodology developed did not need to consider 

the fish farms.    

Once the study area polygon had been established, transect start and end points were 

established starting from the south, near Norðurtangi, to run from west to east. Every two 

hundred meters north from ‘zero’, a set of new transect points was established for a total of 11 

transects. The northerly extent of the study area was determined by the increasingly steep 

bathymetry which constrained the target kelp zone of four to 10 meters. Kelp habitat, and 

therefore transects, was determined to have an unacceptably steep gradient if the four to 10 

meter bathymetry gradient took place over less than 150 meters. The start and end points of 

the eleven transects were marked in QGIS, and the latitude and longitude for these points were 

then manually entered into a handheld GPS unit for field navigation and measurements.  

4.2.2 Materials 
    Figure 14 – Filming Rig 

Field measurements took place using a kayak, a Garmin eTrex 220 

handheld GPS unit, and a GoPro Hero 4 mounted on a frame 

constructed with part of a bicycle, ropes, and a float (an empty sealed 

bottle). The two ropes attaching to the float were made equal so as to 

ensure the frame was level when filming, see Figure 14. 

The float, consisting of an empty two litre re-sealable bottle, was 

emptied of enough air to remain positively buoyant while leaving the 

entire rig negatively buoyant. The buoyancy of the bottle, attached to 

the knot tying the two ropes together ensured that the filming 

platform of the rig (the bike fork) would remain pointed down 

despite potential turbulence or wave action. This also allowed a slower descent and greater 

stability of the film rig to the benthos. The GoPro was mounted in the middle of the frame, 

oriented face down and secured by zip ties.  

Figure 14 - Filming 
Rig 
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4.3 Field Measurements 

Field measurements and surveys took place during the first two weeks of October, as L. 

hyperborea significantly decreases in growth (Gunnarsson, 1991) with the coming onset of 

winter, yet before the winter storms begin causing significant mortality due to wave action and 

scouring. Furthermore, there was still sufficient daylight for visibility underwater.  

Due to logistical difficulties in field trials, the original endeavour of filming video over the 

entirety of each transect proved impractical due to not producing usable data. It was clear that 

filming from the surface the entirety of each transect had been proved unviable – if further 

video transects are taken in the future, it would be advisable to use divers or a UAV to follow 

depth contours and maintain a steady filming angle and adjusting depth as necessary. 

However, budgetary and temporal constraints did not allow for that approach in this study. 

After consultations with coastal geomorphological experts, it was decided to film while 

holding the kayak as stationary as possible, dropping the camera to film multiple single points 

on each transect in order to acquire usable imagery that would illustrate the extent of the study 

area.  

The decision was taken to film single points 50 +/- 10 meters apart along the transects for a 

total of 64 transect points along the 11 transects. For transects that were not +/- 20 meters of a 

factor of 50 meters in length, filming locations were separated by less than 50 meters. For 

example, for a transect 180 meters in length, five points were chosen and filmed 

approximately 45 meters apart.  

The GPS unit was used to navigate to the starting point of each transect, and the filming rig 

was manually lowered into the sea after verbally noting transect, point, and coordinates on 

video for reference during analysis. Once the film rig reached the bottom, determined by a 

lack of resistance on the rope, the rope was pulled 1.5 meters up in order to get a consistent 

view above the substrate while still maintaining a usable visual range, as visibility was 

deemed unacceptably poor while filming farther from the bottom. After approximately 2.5 



	

	 45	

minutes of filming at 1.5 meters above the benthos, the film rig was pulled back up and the 

GoPro turned off to conserve the battery.   

When the film rig was descending, currents occasionally moved it away from the kayak as 

observed by the angle of the attachment rope. This was rectified by maintaining tension on the 

rope with the rig slightly above benthic level, where the currents proved to be significantly 

less than in the upper and mid water column. With this technique, the weight of the rig 

allowed it to return to directly beneath the kayak; this ensured a level filming platform.  

Waypoints were taken at each transect point, as well as start and end points. However, if the 

start and end points of each transect point differed by more than 10 meters, the point and data 

were discarded and another attempt made in order to maintain accuracy between the visual 

data and waypoints. Because of this, wind driven drift was a notable issue. Several waypoints 

had to be re-filmed due to unacceptable drift distances during filming.  

Due to cold water temperatures and limited battery life, particularly in the cold medium of 

Skutulsfjörður, the GoPro could film approximately twenty transect points before shutting off 

due to lack of power. Therefore multiple filming expeditions were required over several days 

due to battery life restrictions as well as slow recharging times. It was imperative to finish 

filming before successive winter storms began rolling in, which would increase drift and 

decrease visibility, as well as increase kelp mortality.  

4.4 Analysis	

Video from each transect point was uploaded and a still frame was selected from each transect 

point for visual analysis. Despite efforts to minimize surface movement, there was still a small 

amount of drift during each video, along with variable visibility. Furthermore, after the camera 

rig touched the bottom, raising it sometimes created a sediment or algae cloud, further 

reducing visibility. Therefore the entire video clip from each transect point was scrutinized 

and a still frame with adequate visibility and representative of the flora and substrate was 

selected to analyze in detail.   
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During filming, the GoPro video field of view was set to ‘wide’ in a 16x9 format. Factory 

specifications state that the GoPro Hero 4 has a 69.5° (vertical) field of view along with a 

118.2° (horizontal) field of view in this format. As filming took place at a routine 1.5 meter 

height above the benthos, it was possible to calculate how many square meters the GoPro was 

filming using trigonometry.  

GoPro: 16x9 Wide View Vertical Horizontal 

Field of View 69.5° 118.2° 

Field of View / 2 34.75° 59.1° 

Table 2 - GoPro fields of view 

In dividing the field of view by two, angles were known for half of the vertical and horizontal 

field of views from the GoPro. Trigonometry was then used to determine the arms of the 

triangles for both vertical and horizontal views. The cumulative length of the 11 transects was 

2610 meters, and the cumulative drop in elevation was 66 meters. This gives an average slope 

of 66/2610, or 0.0253. In terms of slope in degrees, it was 0.01°.  

It was assumed that the average gradient holds true on all sample points, therefore a 0.01° sea 

floor slope allowed the creation of a triangle where two of the angles and one side (1.5 meters) 

were known, allowing trigonometry to be used to determine the real world distance of the base 

of the video ‘pyramid’. In this way, the area of the base of the visual pyramid was calculated. 

As the sea floor gradient is assumed to be 0.01°, this created separate angles for upslope and 

downslope; see Figure 15.  

 
Figure 15 - GoPro horizontal and vertical fields of view 
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Figure 16 - GoPro cumulative fields of view 

Multiplying the edges gave an area of 10.432m2, 

the total field of view of the GoPro at an elevation 

of 1.5 meters above the sea floor assuming an 

average gradient of 0.01°, see Figures 16 and 17.  

Once the visible area was known and a still frame 

selected, this frame was analyzed for substrate 

types, number, species, size, and species of kelp as well as any other notable features such as 

maerl, cyanobacteria colonies, or other factors such as anthropogenic debris. Substrate 

composition was divided into four classes appropriate to this study, with a baseline set adapted 

from “A Scale of Grade and Class Terms for Clastic Sediments" (Wentworth, 1922), see 

Figure 18. 

Figure 17 – Total field of view 

 

Figure 17 - Total field of view 
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Figure 18 - Grain Size Classification (Wentworth, 1922) 

This thesis uses greatly simplified definitions and size classes due to geomorphological 

similarities in regards to kelp between classes, as has occurred with other MFARs designed to 

grow kelp (Deysher et al., 2002). Cobbles and pebbles were combined, and everything that 

was sand and smaller was combined into one class. This is due to the fact that kelp-assisted 

entrainment acts similarly on cobbles and pebbles. Furthermore, additional classes were 

grouped together such as sand and clay: kelp is unable to grow on these sediments, therefore 

distinguishing between them was irrelevant to kelp colonization and habitat. By analyzing the 

geomorphological interactions between each classification of sediment in the Wentworth scale 

and kelp, four classes were created used to analyze and classify the substrate: boulder, cobble, 

gravel/granule, and sand, see Table 3 below. More precise measurements within 

Skutulsfjörður would have been impossible and ultimately irrelevant for this study. The 
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construction of an artificial reef, engineered to grow giant kelp in California used the same 

four classes, albeit with slightly altered definitions (Deysher et al., 2002). For example, a 

boulder was classed as greater than 30 centimeters as opposed to the 25.6 centimeters used in 

Wentworth’s 1922 publication and in this study.  

Substrate Boulder Cobble/Pebble Gravel/Granule ≤ Sand 

Size (mm) ≥ 256 4 - 256 2 - 4 ≤ 2 

Table 3 - Substrate classification used (Wentworth, 1922) 

Once the 64 transect points were analyzed, a series of maps were created showing study area 

and results. In order to establish coverage over the entire study area, approximately 0.5km2, 

polygons were established around each measured transect point. Equidistant points were 

chosen between each waypoint on transect lines, as well as between differing transect lines. 

On the ‘outside’ of transect points, such as the first or last sample on a transect, distance from 

the prior midpoint was doubled to later create a representative polygon. For midpoints 

between transects, an average was taken from two waypoints when possible. For those 

midpoints where it was not possible to calculate a midpoint (due to only one end point 

[waypoint]), an average midpoint was created from the rest of the midpoints in the line 

between transects. Figure 19, below, displays the waypoints and midpoints used to establish 

polygons. 
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Figure 19 - Transect points (green), midpoints (red), and polygons 

Polygons were then established using the midpoints. As the transects vary in length, as well as 

not being entirely straight due to wind and current during measurements, the polygons are not 

all rectangular. Despite disparity in shape, the polygons were all created as to have an equal of 

an area as possible, see Figure 19. Each polygon is approximately 0.02km2. 

The results from the visual analysis of the GoPro still frames (10.432m2) at each transect point 

were assumed be representative over the entirety of each polygon. With this assumption, it 

was possible to extrapolate the substrate and kelp cover over the entirety of the study area; see 

Figure 21 in results.  

When analyzing Tables 4a-k, it should be noted that transects did not always run west to east, 

but were sometimes organized to occur east to west in order to minimize distance travelled 

while taking field measurements; therefore point one may be on either the east or west side of 

the study area for any given transect. This is depicted by transect point numbers in Figure 20, 

below.  
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Figure 20 – Transect Points 
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4.5 Aims and Objectives 

With substrate cover, bathymetry, and current kelp distribution and density now geospatially 

known, it was possible to determine if a kelp ‘breakwater’ was viable or if existing kelp 

already provided this ecosystem service. Baseline laboratory studies have shown that to 

achieve a 50% reduction in wave energy over a certain distance, depending on depth, kelp of 

sufficient density is required; 12 or more units of kelp per square meter (Dubi and Tørum, 

1996). The kelp species studied in the laboratory trials was model Laminaria hyperborea, 

therefore determining the speciation of kelp within the study area influenced the likelihood of 

a kelp wave defence coming to fruition; the wave attenuation rate by other kelp species is 

unknown. Therefore knowing how much kelp and what type already exists is paramount to 

determining the potential, whether realized or future, for a kelp wave defence. Having 

analyzed the density of kelp per 10.432m2 by video still frame at 64 different points allowed 

the extrapolation of kelp density, speciation, and height over the larger study area.   

4.5.1 Validity 

Given that a total of 655m2 was visually analyzed out of a total study area of 480 000m2, or 

0.48km2, this leaves a notable margin for error if transect points chosen were not 

representative of the greater polygon that each point represents. If this area were to be 

measured in the future, it would be prudent to use divers to measure full transects, rather than 

single points on transects filmed from a surface platform such as a kayak, as was done in this 

study. However, this would be time consuming, require considerably more manpower, man 

hours, and expertise. Furthermore, it would incur significantly more expense. It is possible that 

outliers exist in the data, or even that significant features were missed in the transect points. 

However, given the time and financial constraints of the project, the methodology chosen 

should give a ‘snapshot’ of the study area. It is prudent to consider that this area, while 

delineated according to the four to 10 meter contours set out by Dubi and Tørum (1996) for 

efficient wave attenuation, is not fully realized according to these parameters. The study area 

will expand westward when the four meter depth contour is fully known, therefore enlarging 

the study area from its current dimensions.  
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Furthermore, it is important to note that the features being measured are subject to change. 

Therefore, while the data is as accurate as possible for October 2017, this may change in the 

future as kelp colonies expand or contract, or as new species outcompete and colonize existing 

kelp forest habitat, or as storms move cobbles, gravel, and sand shoreward. However, the 

general trends and colonization behaviour of kelp should remain the same in regards to 

substrate. If a kelp ‘breakwater’ proves viable, the surveying of the benthos of Skutulsfjörður 

has created enough baseline data now to ascertain what would need to be done to bring a multi 

function artificial reef designed to nurture a dense kelp forest to fruition in Skutulsfjörður.  
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5 Results  
 
Mapping of the benthos revealed a mix of substrates and kelp density, although the substrate 

was generally larger and therefore more stable toward land; this allows the stable substrate to 

become host to larger and denser mature kelp communities. This was expected, as studies 

around the world have noted that kelp requires large and stable substrate for a stable 

environment. (Elwany et al., 2013. Deysher et al., 2002). The larger substrate does not 

undergo significant wave entrainment and therefore has had less disruption than mainly 

cobble, gravel, and sand based environs; providing a stable habitat for kelp. If any current 

wave energy attenuation currently exists, it likely takes place in these shoreward kelp stands, 

as groups of kelp exert a greater damping effect than single plants widely spaced (Asano et al., 

1996). However, it is unlikely that current kelp density notably attenuates wave energy, as 

dense kelp stands proved widely spread and isolated; unable to provide the cumulative wave 

attenuation that dense contiguous kelp communities do. Figure 21 shows the general 

distribution of kelp and type of substrate throughout the study area. It is important to note that 

this map is a general graphic representation of the study area and does not differentiate 

between kelp species or size. However, it is an overview of the density of the flora and 

substrate of the area and as such it displays trends and patterns. Furthermore, it displays an 

accurate assessment of substrate type by percentage by polygon.  

However, it should also be noted that the substrate portrayed is a percentage by polygon and 

not geospatial representation by polygon. The substrates are generally mixed together, but for 

ease of viewing they have been grouped together within each polygon. There are no distinct 

‘lines’ of boulders or sand within Skutulsfjörður; this differentiation only exists for visual 

representation by polygon. Within the video footage analyzed, substrate distribution was 

mixed.  
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A more detailed analysis of each transect point is displayed in Tables 4a-k. To cross reference 

charts with transect locations, refer to Figure 20. Kelp listed is L. hyperborea and/or L. 

digitata unless otherwise delineated. The map below, Figure 21, does not differentiate 

between species of kelp for ease of viewing.  
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Figure 21 – General density and distribution of kelp within the study area. The kelp density is 
represented by symbols that are proportionately scaled as demonstrated by the sample kelp 
densities in the legend.  
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Point Kelp Density / 
10.4m2 

Substrate 
Composition 

Kelp Height 
(m) Notes 

Table 4 – Components of visual analysis for transect points 
1 7 30% Cobble, 70% sand 1 Uniform kelp size 

2 0 100% sand N/A 
70% cyanobacteria 
mats, Desmarestia 
aculeate drifting 

3 0 5% boulder, 95% sand N/A 90% cyanobacteria 
mats 

4 0 100% sand N/A Desmarestia aculeate 
existing and drifting 

Table 4a – Transect 1 (171.5m) 
1 0 100% sand N/A 15% cyanobacteria 

mats 
2 0 10% boulder, 90% sand N/A 30% cyanobacteria 

mats 

3 0 10% boulder, 90% sand N/A 40% cyanobacteria 
mats 

4 14 35% boulder, 60% 
cobble, 5% sand 1 – 1.5 Taller kelp in groups, 

smaller kelp isolated 

Table 4b – Transect 2 (163.9m) 
1 22 40% boulder, 30% 

cobble, 30% gravel 1 Boulders host to maerl 
as well 

2 0 10% boulder, 90% sand N/A 40% Cyanobacteria 
mats 

3 1 < 5% boulder, 95% 
sand 0.5 30% Cyanobacteria 

mats 
4 0 100% sand N/A 15% Cyanobacteria 

mats 
Table 4c – Transect 3 (169.3m) 

1 0 30% cobble, 60% 
pebble, 10% sand N/A  

2 15 10% boulder, 90% 
cobble, 0.1 - 1.5 

Mostly juvenile kelp. 3 
kelp at 1.5m, attached 

to boulders 

3 18 10% boulder, 90% 
cobble, 0.1 - 1.5 Mostly juvenile kelp. 

Larger kelp in stands 

4 0 30% sand, 70% boulder N/A 40% cyanobacteria 
mats 

5 0 100% sand N/A 10% cyanobacteria 
mats 

6 1 5% boulder, 95% sand 1  
7 0 100% sand N/A 10% cyanobacteria 

mats 
Table 4d – Transect 4 (309.1m) 

1 2 15% boulder, 85% sand 2 Kelp is Alaria sp. 

2 0 100% sand N/A 30% cyanobacteria 
mats 

3 0 5% boulder, 70% 
cobble, 25% sand N/A  

4 0 10% boulder, 80% 
cobble, 10% sand N/A 

Cyanobacteria mats on 
cobbles only, >10 

urchins noted 

5 1 90% cobble, 10% sand N/A  

6 3 5% boulder, 95% sand 1  

7 11 20% boulder, 80% sand 0.1 - >1.5 Majority of kelp large 

8 8 30% boulder, 50% 
cobble, 20% gravel >1.5 All mature kelp 
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Table 4e – Transect 5 (338m) 
1 0 20% boulder, 60% 

cobble, 20% gravel N/A Cyanobacteria mats on 
cobble 

2 0 20% cobble, 80% 
sand/gravel N/A Cyanobacteria mats on 

cobble 
3 3 10% boulder, 50% 

cobble, 40% sand 0.75 10% cyanobacteria 
mats 

4 4 30% cobble, 70% sand 0.5 Alaria sp. 

5 0 30% cobble, 70% sand N/A 20% cyanobacteria 
mats 

6 0 60% boulder, 40% 
gravel N/A Boulders entirely 

encrusted by barnacles 

7 0 20% boulder, 20% 
cobble, 60% sand N/A 40% cyanobacteria 

mats 
8 0 5% cobble, 95% sand N/A 50% cyanobacteria 

mats 
Table 4f – Transect 6 (337.3m) 

1 4 40% sand, 60% cobbles 0.5 Poor visibility 

2 0 30% sand, 70% cobbles N/A Bigger cobbles have 
barnacles 

3 0 20% cobbles, 80% sand N/A 20% cyanobacteria 
mats 

4 0 100% sand N/A 20% cyanobacteria 
mats 

5 0 100% sand N/A 10% cyanobacteria 
mats 

6 3 10% cobble, 90% sand 0.5 Juvenile kelp 

7 1 30% boulder, 60% 
cobbles, 10% sand 0.5 20% cyanobacteria 

mats 

8 4 60% boulder, 20% 
cobbles 20% gravel 0.5 Numerous urchins 

9 12 40% boulder, 60% 
cobbles 0.75 - 1  

Table 4g – Transect 7 (388.9m) 
1 9 30% boulder, 60% 

cobble, 10% sand 0.5 - 1 Cyanobacteria mats on 
cobbles 

2 7 20% boulder, 80% 
cobble 0.1 - 0.5 Juvenile kelp 

3 10 50% cobble, 50% sand 0.2 - 1 Mostly juvenile 

4 5 30% cobble, 70% sand 0.2 - 0.5 Some bigger fronds 
weighed down by sand 

5 1 5% cobble, 95% sand 0.5 Drifting Desmarestia 
aculeate prominent 

Table 4h – Transect 8 (209.2m) 
1 7 5% cobble, 95% sand ≤0.5 All cobbles colonized 

2 5 5% cobble, 95% sand 0.5 All cobbles colonized 

3 14 10% cobble, 90% sand 0.5 All cobbles colonized 

4 41 40% cobble, 60% sand 0.5-1 
All cobbles thickly 

colonized. Substrate 
obscured by kelp, may 

be boulders 

5 0 100% sand N/A 95% cyanobacteria 
mats 

Table 4i – Transect 9 (175.9m) 

1 0 10% gravel, 90% 
boulder N/A 

Boulders have maerl 
beds around lower 

edges 

2 2 10% cobble, 90% 
gravel 0.2 80% cyanobacteria 

mats 
3 7 10% cobble, 90% sand 0.5 40% cyanobacteria 

mats 
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4 5 10% cobble, 90% sand 0.5 10% cyanobacteria 
mats 

5 1 5% cobble, 95% sand 1 30% cyanobacteria 
mats 

Table 4j – Transect 10 (190.6m) 
1 2 20% cobble, 80% sand 0.3 70% cyanobacteria 

mats 
2 2 5% cobble, 95% sand 0.4 30% cyanobacteria 

mats 
3 0 100% sand N/A 70% cyanobacteria 

mats 

4 1 30% gravel, 70% 
boulder 0.5 

Significant amount of 
attached Desmarestia 

aculeate 
Table 4k – Transect 11 (156.7m) 
	
This data shows some clear trends and relationships between kelp and substrate. Larger 

substrate tends to be found closer to land, along gentle bathymetric contours. This is likely a 

result of debris flows and avalanches off of Eyrarfjall, the mountain north of Ísafjörður and 

west of Skutulsfjörður. These debris flows cannot be dated, however, the smoothness of the 

larger rocks in the study area suggest that the rocks have been eroded by wave action and sand 

scouring for hundreds, if not thousands of years. The same debris falls have contributed to the 

gentle grade of the sea floor north of Ísafjörður in conjunction with seaborne deposition of 

cobbles, gravels, and sand. These two factors have created a gently sloping ‘plateau’ where 

cobbles and boulders have accumulated.  

As kelp requires a hard, rocky substrate to attach to (Elwany, 1996), it was hypothesized that 

that kelp would be more prominent in areas with a significant boulder and cobble presence. 

This hypothesis was borne out by the data collected: Laminarials were notably denser and 

more numerous towards land and in shallower water with significant rocky substrate. While L. 

hyperborea is the dominant kelp in these waters, Laminaria digitata is also present. L. digitata 

grows in shallower waters down to about four meters (Lewis, 1964), however, Laminaria 

hyperborea habitat begins at about one meter in depth (Kain and Jones, 1971). Therefore there 

may be some overlap between L. digitata and L. hyperborea at the western edge of the study 

area at approximately four meters of depth.  

An anomalous exception to this kelp biogeography occurs in transects 10 and 11 at the north 

edge of the study area. Despite a substrate rich in boulder and cobbles, there were only two 

noted biological communities in the area. One was Desmarestia aculeate, an annual brown 
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algae that grows mostly in spring and summer and tends to be detached by strong currents and 

high seas (K. Gunnarsson, personal communication, November 14, 2017). D. aculeate looks 

like a tangle of thin filaments with minimal structure; given its weak attachment and minimal 

area exposed to wave and current action, it was assumed that D. aculeate has minimal to no 

effect on coastal currents. Additionally, maerl, a slow growing coralline red algae was noted 

growing around the lower edges of some boulders, particularly in transect 10.  

Given the spatial variability of kelp depending on environmental conditions such as waves and 

storms, herbivorous pressure, and potential substrate alterations and therefore habitat reduction 

or increase, the biogeography of the vegetation communities within Skutulsfjörður are difficult 

to definitively quantify. As surveys were only conducted once for this thesis, an average is 

impossible to generate; further widespread monitoring addressed in chapter seven will address 

long term geospatial variability in kelp biomass and acquiring a more detailed baseline. 

The kelp observed in deeper water with sandier substrates were generally single units of algae 

from the genus Alaria. Much of Alaria noted is likely the arctic kelp Alaria esculenta, 

although there are 17 species known to science. Poor visibility and the camera angle utilized 

prevented confirmed identification of this algae, however, given that Alaria esculenta tends to 

occur in depths of 3 to ten meters (Fredersdorf et al., 2009) while requiring sea temperatures 

of temperatures of 16°C or less, it is probable that this kelp is Alaria esculenta; both these 

parameters fall within the geophysical range of the Skutulsfjörður visual surveys. However, 

given its tendency in Skutulsfjörður to occur in single, geographically disparate units as 

opposed to the clumps of L. hyperborea, its affect on waves is likely to be minimal within the 

study area (Asano et al., 1996). However, should numerous, dense distributions of Alaria sp. 

exist, it is probable that Alaria sp. also have an attenuating effect on wave energy, similar to 

Laminaria hyperborea, although studies have not been done to confirm this.  

A notable feature spread throughout the study area, although more prominent on finer 

substrates, was a significant amount of cyanobacteria mats. The cyanophyta, a calcareous 

blue-green algae had grown in patches and mats which were easily disturbed by relatively 

weak forces. While elevating the filming rig off the benthos, the suction created sucked 

enough cyanobacterial chunks off of the bottom sufficient to impair visibility. This 
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phenomena indicated that these phototrophic biofilms have an extremely weak or non existent 

structure. These cyanophytes exist in areas with minimal to no kelp coverage, as if significant 

kelp occurred in an area, the kelp canopy heavily reduced light penetration to the bottom 

(Mork, 1996), and would therefore limit the photosynthesizing requirements of cyanophytes. 

Communities of this blue-green algae form a ‘mucilaginous’ film which assists in stabilization 

of sediment by trapping, binding, and incorporating clastic sediments (Bacchiocchi	&	Airoldi,	

2003, Wray, 1977). However, quantifying the degree to which cyanophytic films alter the 

sediment budget has not been attempted and may in fact be implausible to do, given the 

seasonal and annual variations in algal variation. Should an equation be worked out, it is 

hypothesized that given its weak structure, the effect on the sediment would be proven present, 

but minimal.  

The substrate of Skutulsfjörður consists mainly of sand interspersed with larger substrate such 

as cobble and boulder; this larger substrate occurs mainly towards land. Deeper waters of six 

to 10 meters are mostly sandy and mainly barren of biological communities other than 

phototrophic biofilms and scattered Alaria esculenta. This is likely due to insufficient habitat 

for organisms that require hard substrate to attach to. The shallower, western edge of the study 

area hosts a notable amount of kelp, mainly Laminaria hyperborea as well as other sessile 

scattered communities such as barnacles and maerl. To further promote kelp growth within 

Skutulsfjörður, human intervention will be required.  
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6 Discussion 

The	optimum	conditions	for	Laminaria	hyperborea	habitat,	laid	out	by	Bekkby	et	al.,	

(2009)	below,	and	the	optimal	conditions	for	an	MFAR	closely	align	in	the	test	area.	Of	

pertinence	is	the	fact	that	the	plateau	north	of	Ísafjörður, nearly a kilometer wide,	exists	

within	the	four	to	10	meter	depth	contours.	This	is	the	zone	where	kelp	(can)	exert	

significant	attenuation	on	wave	energy;	these	bathymetric	conditions	are	uncommon	

within	Iceland	due	to	the	precipitous	topography	and	sudden	drop-offs.	The	alignment	of	

the	optimal	Laminaria	hyperborea	habitat	(depth,	wave	exposure,	terrain	curvature,	light	

exposure,	and	slope	degree)	exhibited	as	well	as	the	requisite	bathymetric	conditions	

within	the	test	area	for	the	most	efficient	wave	attenuation	show	that	Skutulsfjörður is an 

optimal location for an MFAR designed to nurture kelp as a wave defence.	

	

However,	Skutulsfjörður does not possess adequate substrate hence the requirement for an 

MFAR to bring a kelp wave defence to fruition, requiring input of suitable substrate. The test 

area in Skutulsfjörður is located in close proximity to Ísafjörður’s docking facilities therefore 

allowing ready access to port services such as loading, refuelling, repairs and housing. 

Furthermore, Ísafjörður exists in proximity to quarries from where suitable rocks can be 

sourced; transportation costs will be minimal, further underscoring the suitability of 

Skutulsfjörður as a construction site for an MFAR. 	

6.1 Skutulsfjörður’s Kelp Habitat Suitability 

Laminaria hyperborea habitat prediction modelling done on the Norwegian coastline by 

Bekkby et al. in 2009 found that there were five dominant factors in determining L. 

hyperborea habitat. Ranked in order of importance, they are as follows: depth, wave exposure, 

terrain curvature, light exposure, and slope degree. Depth itself is not an indicator, but rather 
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as a marker for attenuation of light penetration. Therefore turbidity and suspended 

sediment/debris will affect the depth that light penetrates to, and therefore the depth criteria 

for kelp.  

Although not included in Bekkby et al.’s 2009 metrics, the study also found that the likelihood 

of finding kelp increases when the seabed terrain changes from ‘basin’ to shoal – IE, where 

the soft sediments generally associated with basins change to rocky shoal-like areas. While not 

a basin, the benthic ‘plateau’ north of Ísafjörður exhibits many basin-like attributes in its 

relatively flat bathymetry while being bordered by a steep terrestrial mountain to the west. 

Sections of the study area with rockier substrate hosted more kelp, although the study area as a 

whole is generally more ‘basin-like’ than ‘shoal-like’. The sections near shore displayed 

significantly more large, stable, and hard substrates; therefore exhibiting more shoal-like 

attributes (exposed rock) while the eastern, deeper sectors of the study area mostly consisted 

of sand and finer sediments.  

In the study done at 63 - 65°N in Norway, Bekkby et al. (2009) found that in optimal habitats, 

kelp forests maintained at dense levels down to 16 meters and then became more sparse in 

deeper waters. For the purpose of a MFAR to act as a biological wave defence, waters deeper 

than 10 meters are irrelevant to wave attenuation (Dubi and Tørum, 1996), therefore the fact 

that L. hyperborea grows densely to below ten meters of reaffirms its suitability for wave 

attenuation purposes. 

The ‘plateau’ north of Ísafjörður within Skutulsfjörður proves to be an excellent location for L. 

hyperborea by the above metrics, with only light exposure being a limiting factor in winter 

when the sun does not rise above the mountains for approximately two months of the year, and 

there is no significant insolation for four months. As Laminaria hyperborea inhabits territory 

in and around the Arctic circle, it has evolved to adapt to low to no incoming solar irradiance 

for part of the year. L. hyperborea gametophytes remain dormant until better lighting 

conditions occur, (Lüning, 1980) and the existing presence of L. hyperborea proves that 

available light in winter is not a debilitating factor in kelp distribution in Skutulsfjörður. 

However, the existing substrate is only optimal in certain places where boulders and cobbles 

predominate and can therefore be determined as the main limiting factor in L. hyperborea 
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distribution within Skutulsfjörður. Should further hard substrate such as boulders be deposited 

in Skutulsfjörður, either naturally or anthropogenically, it is highly probable that L. 

hyperborea will quickly colonize this new habitat. However, the geologic scale of natural 

erosion on Eyrarfjall into Skutulsfjörður has proved inadequate in creating a dense kelp forest; 

human intervention will be required in design and implementation. 

6.2 Substrate 

Although there is a prominent presence of L. hyperborea within the study area, the kelp 

density and distribution is insufficient to meet the ‘50% wave energy reduction’ level set out 

by Dubi and Tørum, 1996. This is a consequence of substrate distribution and composition, as 

well as substrate and wave interactions.  

While cobbles and gravels are colonized within the study area, they are also prone to 

entrainment by wave energy significantly less than what would be required to entrain a cobble 

with no biological colonization. Kelp attached to rocks has the ability to lower the threshold of 

entrainment (wave energy required to move sediment) by 50% on cobble-sized substrates 

(Carling, 2014), and 92% for coarse sediments (Masteller et al., 2015). This has important 

implications for MFAR design; these substrates viewed in isolation are good habitat for kelp, 

though when analyzed in highly exposed wave zones are unsuitable for long term kelp habitat 

due to translocation by wave energy. During field survey analysis, many kelp observed on 

transects were noted with their stipe parallel to the seabed due to translocation of the cobbles 

they had settled on; the stones had been pulled over by kelp in heavy waves. These kelp will 

soon die due to sand scouring and burial, along with an inability to compete for available light. 

Because of this, boulder class substrate proved to be the best habitat for kelp as it is the least 

prone to physical disturbances and translocation. 

Cobbles deposited on the north beach of Ísafjörður prove that these stones had acted as habitat 

for kelp before being deposited on the beach. Anecdotal observations revealed that a majority 

of the cobble grade substrate bore holdfast scars, which are created when kelp begin growing 

on rock and maintains a presence on that rock for a significant amount of time. (Olafsson, 

2016. Seymour et al., 1989). Brown algaes, such as L. hyperborea and L. digitata excrete 
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alginic acid, which acts as the ‘glue’ of the holdfast, attaching it to rocks, partially by 

dissolving the top millimeters (Sadava et al., 2009) and creating a holdfast scar.  

Conversely, boulders on the benthos are too massive for wave energy to move, regardless of 

kelp acting as ‘sails’. Because of this, boulders make an excellent habitat for kelp as well as 

other species, such as barnacles and maerl. This is displayed in the results; most places with a 

significant boulder presence also were host to a significant number of kelp.  

One exception to this occurred in transects 10 and 11, where the substrate was composed 

mostly of boulders, yet hosted minimal to no kelp. This is likely a result of sand scouring 

rendering the boulders unsuitable as habitat for kelp, barnacles, or other sessile organisms 

(Birkett et al., 1998). It is likely that sand scouring is more of an issue here contrasted to 

habitat closer to Ísafjörður as this is where waves begin to interact with a significant cross 

section of the benthos due to the rapid lessening of depth in this area. As swells arrive from 

the north and begin to entrain bottom sediment at high energy levels, this leads to increased 

sand scouring. Further north of transect 11, the bathymetric grade is significantly steeper, so 

waves do not significantly interact with the benthos until they move further into 

Skutulsfjörður, over the ‘plateau’ that is the main section of the study area (transects 1-9). 

Here, waves begin to significantly interact with the benthos, exerting energy on the benthos 

including on existing kelp, as well as by entraining cobbles, gravels, and sand. 

As waves move shoreward in Skutulsfjörður and pass through the existing kelp and interact 

with the benthos, they currently lose some energy due to bottom refraction and work exerted 

on kelp, but not nearly as much as the 50% baseline set out by Dubi and Tørum. However, 

should a dense kelp forest of 12 plants per meter squared exist in Skutulsfjörður, waves 

passing through the kelp stands of this dense kelp forest and would be reduced in energy; 

therefore the sediment load being carried by the wave energy changes from some suspended 

load in conjunction with some bed load to entirely bed load. (Løvas and Tørum, 2001). This is 

due to the fact that along with wave energy attenuation, kelp forests also channel and direct 

wave energy by creating a narrower, more locally powerful undertow above the canopy 

compared to through the canopy. Additionally, water velocities increase closer to the bottom, 

below the canopy, in the presence of a kelp forest. Due to this alteration of wave energy flow 
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patterns, bed load continues shoreward in the increased bottom flow and kelp forests do not 

undergo sand burial, regardless of kelp density and wave energy reduction. Furthermore, this 

altered energy flow leads to increased sediment accretion shoreward of the kelp stands – the 

kelp helps to widen beaches (Løvas and Tørum, 2001) due to reduced long shore and cross 

shore drift, brought about by reduced wave energy.  

6.3 Bacterial Mats and Sediment Retention 

While there is still much to be learned in how finer sediments and bacterial mats of eukaryotic 

algae and cyanobacteria interact, it is known that they have played a role in fine sediment 

geomorphology and biogeography for millions of years (Wray, 1977). Of pertinence to this 

study is the ability of these microbial mats, also called phototrophic biofilms, to capture and 

retain finer sediments. While the sediment retention abilities of the biofilms in Skutulsfjörður 

are unable to be quantified, it is probable they play a part in reducing fine sediment 

entrainment within the photic zone. However, given that these mats mostly occurred in deeper 

waters with a sandy substrate, they are unlikely to directly interact with kelp in any 

meaningful way; their main geomorphological affect is altering the sediment budget during 

calm seas. Whether these alterations in the sediment budget are significant or not is unknown, 

but unlikely.  

6.4 Wave Regime and Kelp 

Laminaria hyperborea requires a high exposure to waves. Its preferred habitats occur in a 

range from exposed to very exposed sublittoral zones which are necessary for nutrient intake 

and reproduction (Bekkby et al, 2009. Sjøtun and Fredriksen, 1995). Because of this, L. 

hyperborea will not grow in calm sublittoral waters. Depending on how exposed the algae are 

to waves, the morphology of the lamina and stipe change. In more exposed environments, the 

lamina splits into many segments whereas in sheltered environs, the lamina may be singular or 

only possess a few fronds (Sjøtun and Fredriksen, 1995). This is borne out both by video 

analysis of transect points as well as anecdotal observations of washed up kelp; both reveal L. 
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hyperborea with highly split lamina, indicating they have grown in a highly exposed wave 

environment.  

The area off the north coast of Ísafjörður is very exposed to waves, and as such is an excellent 

habitat for L. hyperborea in regards to the wave regime (Bekkby et al., 2009). Despite the 

excellent wave conditions for Laminaria hyperborea, its distribution is limited due to 

insufficient immobile substrate (boulders or bedrock) and excessive sand scouring.  

6.5 Laminaria hyperborea Reproduction, Settlement and 
Growth within Skutulsfjörður 

Like most other algae, L. hyperborea can rapidly recolonize new habitat or disturbed areas 

(Reed et al., 1997), and is a relatively long lived species with a natural lifespan of up to 20 

years (Sjøtun et al., 1993). It can grow up to 3.6 meters tall, and in a good growing year will 

grow about 25 centimeters per annum in Icelandic waters (Gunnarsson, 1991). This growth 

rate places the kelp noted in the visual transects in range of less than one to seven years of age. 

The larger kelp tended to occur in groups; this is due to the protection provided by 

neighbouring kelp units as they reinforce nearby kelp other from wave action, leading to 

lessened mortality. Single kelp observed tended to be small juveniles that have grown 

throughout the calmer waves in the summer, yet will probably be detached and washed up in 

winter storms. 

Due to the ability of Laminaria hyperborea to reproduce over winter yet remain dormant until 

a critical amount of blue light becomes available (Lüning, 1980), Skutulsfjörður does not pose 

any unique challenges to the growth pattern and reproductive cycle of this laminarial. 

However, L. hyperborea is constrained by natural factors such as suitable habitat, sand 

scouring, predation, and competition, as well as warming oceans (Smale et al., 2013). In 

addition to such normal factors, there is the future potential for (currently) foreign invaders to 

establish in Iceland. Membranipora membranacea, a bryozoan that forms an encrusting sea 

mat can limit L. hyperborea spore production (Kain, 1975). However, this species was not 

noted on the video transects and tends to prefer warmer waters. Regardless of environmental 

preferences, this species has been documented in northern Scotland, Norway, and the Faeroe 
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Islands (Ocean Biogeographic Information System, 2017). As the climate continues to change 

and species distribution ranges shift northward, it is likely it will appear in Icelandic waters, if 

it has not already.  

6.6 Predation on Kelp 

Urchins and kelp are inextricably linked wherever the two exist around the world. Urchins 

prey on kelp, and when not kept in check by predators such as cod or sea stars, sea urchins can 

quickly scour a kelp forest and create ‘urchin barrens’ (Smale et al., 2009, Kain, 1975). A 

number of urchins were observed during the visual transects, generally in areas barren of kelp. 

However, kelp was still present in polygons approximately 50 meters away from the points 

with multiple urchins observed, leading to the conclusion that urchin and kelp levels are 

currently in equilibrium within the study area. The lack of kelp on some suitable substrates, 

such as in transect 10, point 1 which was composed of 90% boulders may be a result of urchin 

grazing. However, a lack of kelp on suitable substrate was uncommon - this proved to be an 

isolated occurrence and cannot be confirmed to be a result of urchin grazing, and may have 

been influenced by sand scouring. 

Local divers have confirmed that there are ‘a lot’ of urchins within Skutulsfjörður and 

neighbouring waters (A. Tyas, personal communication, September 30, 2017). Personal 

anecdotal observations have also revealed a significant amount of kelp in the littoral and 

sublittoral zones at low tide throughout the Westfjords. This suggests that the urchin and kelp 

equilibrium is widespread. However, kelp forests can be highly dynamic and exhibit 

significant geospatial temporal variability (Smale et al., 2009) in response to changes in the 

marine environment, including predation. Because of this, the figures and charts displaying the 

biota in the study area (Figure 21, Tables 4a-k) may become inaccurate in the coming years.  

Interaction between kelp and urchins within Icelandic waters has not been thoroughly studied. 

However, a study done in Eyjafjörður (northern Iceland) found that Strongylocentrotus 

droebachiensis, commonly known as the green sea urchin, had significantly deforested the 

kelp forests within the fjord (Hjorleifsson et al., 1995). Similar cases have been reported in 

eastern Canada (Mann, 1977) and northern Norway (Leinaas and Christie, 1996). This has 
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been found to have major implications for ecosystem functions, structure, and habitat 

provision (Steneck et al., 2002). Given that this has happened within Icelandic waters, it is 

probable that kelp forests within the Westfjords are vulnerable to large scale urchin predation. 

Interestingly, kelp forests in more southerly water appear to be more stable with less 

geospatial variability, whereas more northerly kelp forests undergo larger and faster changes 

(Smale et al., 2009).  

Following the complete removal of kelp from a suitable environment by predation or by 

environmental factors, kelp can quickly recolonize an area once environmental conditions 

return to a favourable state (Smale et al., 2009, Wernberg and Goldberg, 2008). Most kelp 

species reach maturity within one to six years (Kain, 1975) and kelp communities will likely 

fully recover within seven to ten years (Smale et al., 2009). Full recovery of kelp canopies and 

associated flora and fauna can be extremely rapid, sometimes in as little as three years 

(Hawkins and Harkin, 1985). This rapid re-colonization of depauperate areas is an important 

factor in kelp distribution. Despite the quick re-colonization abilities of kelp, they cannot re-

colonize an urchin barren without anything that brings the urchins back in check. Without 

predation on urchins or a disease affecting these echinoderms, urchins will maintain the urchin 

barren indefinitely (Mann, 1977) and prevent kelp regrowth by quickly consuming any kelp 

saplings that establish.  

As urchin populations are capable of sudden and far reaching kelp deforestation, this has 

ramifications for design of an MFAR, and engineering requirements of hard defences 

protecting Ísafjörður. Should predator populations of cod and sea stars fall below levels 

required to keep urchins in balance, the kelp growing on the MFAR may disappear within 

weeks. This would have an adverse impact on Ísafjörður, as waves would return to their 

present state of energy without attenuating through the now-deforested kelp. Thus it is 

important that predator levels and density remain sufficient to keep urchins in check to 

maintain a kelp based wave defence. Given that animal populations may react unpredictably to 

unforeseen pressures, it would be prudent to regard a potential kelp MFAR as an auxiliary and 

regenerative first line of coastal defense to be used in conjunction with traditional hard 

defences.  
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6.7 Artificial Reefs 

6.7.1 Modern Artificial Reefs 

Hundreds of artificial reefs have been designed and constructed globally using all manner of 

materials (Baine, 2001). However, some of these materials such as tires and stabilized ash 

waste have proven to be prone to erosion and dispersal (Morris et al., 2018, Myatt et al., 1989) 

proving their unsuitability for a lasting reef construct. Modern artificial reefs are created using 

shipwrecks, reef balls, or more commonly cement and/or quarried stone (Elwany et al., 2011). 

Using cement or stone within Skutulsfjörður is a prudent design approach as rock is a common 

commodity within Iceland. Furthermore, this will allow shaping of placed substrate according 

to accepted design principles, discussed further below.  

6.7.2 Artificial Reefs and Demersal Fish Habitat in Skutulsfjörður 

It has been established that the addition of hard substrate to sandy benthic bathymetry creates 

habitat (Reubens et al., 2013) for hard substrate dwelling fish, such as Atlantic cod (Leitao et 

al., 2007). Although an MFAR constructed in Skutulsfjörður would primarily be designed as a 

wave defence, it would also improve economically important fish habitat, potentially leading 

to a greater cod population. It is important to note that fish habitat created by artificial reefs 

tends to increase in productivity and biomass as it becomes more established (Leitao et al., 

2008). Therefore any reef created in Skutulsfjörður may not reach its full potential as fish 

habitat for years or decades. Furthermore, a healthy cod population will help keep herbivory 

pressure on the kelp reef to a minimum as cod consume urchins, (Leinaas and Christie, 1996, 

Mann, 1977) leading to decreased kelp mortality. 

6.8 Environmental Considerations for an Artificial Reef 
in Skutulsfjörður 

6.8.1 Potential Benefits of an Artificial Reef in Skutulsfjörður 

The study area in Skutulsfjörður has the potential to be an effective place for an artificial reef 

which could have the following benefits: a decrease in wave energy and associated rock 
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armour maintenance, an increase in sediment accumulation and beach widening, and a 

decrease in shipping lane maintenance costs and time expenditure such as dredging within 

Sund. A secondary benefit could potentially include the municipality of Ísafjarðarbær 

investigating the construction of additional hard defences such as groynes to trap sediment and 

create new developable land within the downtown peninsula of Ísafjörður along the north 

beach. Furthermore, additional benefits would include increased fish habitat for economically 

important species such as Gadus morhua, as well as a kelp forest acting as a carbon sink. The 

aspect of a relatively easily accessible ‘kelp garden’ for education and tourism is also an angle 

worth investigating.  

The long shore and cross shore currents along the north coast of Ísafjörður are determined by 

the prevailing wind, which for most of the year blows from the north. Depending on whether 

the wind blows from the north or north-northeast dictates the direction of the waves impacting 

the north beach of Ísafjörður. However, anecdotal observations, along with the proven need to 

dredge Sund indicate that coarse sediments such as cobbles and gravel are consistently carried 

west to east along the beach, around Norðurtangi, and into Sund where it is deposited on the 

bottom. This suggests that the prevailing long shore current runs southward along the coast 

from Hnífsdalur and sweeps along the north beach into Sund, see Figures 22 and 23. In the 

channel of Sund, waves do not interact with the benthos with as much force as over the 

‘plateau’ north of Ísafjörður, nor does the northerly swell exert the same force on the shores of 

Sund and Pollurinn as it does upon the north beach; therefore there is less available wave 

energy within Sund and the deposited sediment remains in place and fills the channel.  
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Figure 22 – Ísafjörður on a calm day. The prevailing current drifting into Sund is visualized 
by the fish factory effluent discharge 
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Figure 23 - Prevalent Wind and Longshore Drift in Skutulsfjörður (Icelandic Coast Guard, 
Hydrographic Department. 2001) 

An artificial reef designed to grow a living breakwater of kelp would alter the wave regime 

impacting the north coast of Ísafjörður once the kelp forest growing on the artificial reef 

reaches maturity. The kelp will reduce the energy of waves impacting the coast north of 

Ísafjörður, and as such reduce the amount of erosion and long shore drift (Brown and Davies, 

2009) while allowing the beach to accrete. This kelp driven decrease of energetic waves 

affecting the north beach would lead to a wider beach (Løvas and Tørum, 2001). Along with a 

larger beach, Sund would see a decreased sediment budget; which, in turn, would lead to a 

reduction of sand build up in the shipping channel and therefore less dredging would be 

required by the Ísafjörður harbour authority. Furthermore, should more land be desired, an 

extension of the rock armour north from Norðurtangi, forming a groyne, would significantly 

increase the area of the north beach over time.  
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As discussed above, the natural substrate within the study area at optimal wave mitigating 

depths (four to 10 meters) is insufficient to grow the density of 12 kelp units per square meter 

required for wave energy mitigation of 50% over a certain distance, depending on depth 

(Table 1). Therefore an artificial reef, designed specifically as habitat for L. hyperborea must 

be implemented in order for the kelp to grow at a density of 12 units or more per square meter. 

Contrast the current kelp density and the kelp density required for a 50% reduction in wave 

energy below in Figure 24. 

While current L. hyperborea density in Skutulsfjörður is not sufficient to achieve the baseline 

50% wave energy reduction set out by Dubi and Tørum, such density does occur in natural 

conditions. Laminaria hyperborea forests off the coast of Norway have been found to exist in 

stands as dense as 41 units per square meter, with an average of 17 units per square meter. 

This band of kelp, stretching approximately 250 meters wide and perpendicular to the 

prevailing swell was found to reduce wave energy by 85% (Mork, 1996). This is an optimal 

scenario, however, it proves that with the requisite depth, substrate, wave exposure, terrain 

curvature, light exposure, and slope degree, kelp will flourish and maintain at dense levels. It 

should be noted that a kelp wave defence is not to be solely relied upon as the only line of 

defense due to biological fluctuations in density and prevalence, but rather as an expendable, 

regenerative auxiliary ‘first-line’ wave defence. 

6.8.2 Physical Considerations for an Artificial Reef in Skutulsfjörður 

The lack of contiguous suitable substrate is the main limiting factor in kelp distribution within 

Skutulsfjörður. To increase kelp biomass and spatial distribution, additional hard substrate 

must be created or installed. Although most artificial reefs create habitat as an incidental side 

effect, an artificial reef in Skutulsfjörður must be designed for L. hyperborea specifically with 

the aim of reducing wave energy. Therefore, installed substrate density must be sufficient to 

grow and maintain a minimum of 12 plants per square meter, while ensuring that prevailing 

waves travel over at least 74 meters of kelp. A larger ‘kelp band’ would be preferable and 

would decrease kelp mortality during high energy events while decreasing wave energy by 

more than the 50% baseline set out in Table 1.  
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Design considerations of the Wheeler North artificial reef in California stipulated that the reef 

replace nearby kelp forest which was destroyed by development. However, in Skutulsfjörður, 

the reef would be designed to provide a habitat for kelp, which would then directly provide the 

ecosystem service of wave attenuation. Towards this end, substrate placement must be stable 

through storm conditions with a heavy emphasis on boulder sized substrate. In California, 

rocks of 30 to 50 centimetres in diameter were assumed to be mostly stable under storm 

conditions at kelp bed depths (Deysher et al., 2002). Again, this relates to the giant kelp of the 

west coast of North America which grows at deeper depths than L. hyperborea, and is 

therefore is subject to less intense wave energy orbits. Substrate to build a reef in shallower 

waters may require more mass and/or volume in order for it to maintain its place through 

intense storm and wave conditions. However, the rock deposited must still maintain a low 

profile in order to promote and maintain long term kelp growth (Elwany et al., 2011).  

Although the main MFAR where kelp would engineer a reduction in wave energy should be 

composed primarily of boulders, an artificial reef must also reduce hard edges and hard 

ecosystem boundaries. For example, a boulder field colonized by kelp immediately bordering 

a sand plain would suffer excessive kelp mortality near hard edges due to sand scouring. 

Towards this end, transitional regions should be engineered so boulder fields gradually 

transition to natural sand beds with an intermediate substrate of cobbles, sand, and gravel to 

avoid the pronounced effect of sand scouring at sand-hard substrate/structure edges 

(Moschella et al., 2005). With a transitional zone, sand scouring and kelp mortality will be 

reduced within the main kelp growth zone.  

As established, the main limiting factor for kelp in Skutulsfjörður is the lack of suitable 

substrate. Refer to Figure 24 showing current kelp distribution and density versus kelp density 

required for a 50% reduction in wave energy.  
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Figure 24 - Kelp Distribution and Density: Current (left) vs desired future kelp for a >50% 
wave energy reduction (right) 

In the construction of the Wheeler North Reef in California, rocks utilized in construction 

were composed of 0.7 x 0.5 x 0.4 meters in dimensions. However, given that there is no 

exposed bedrock in Skutulsfjörður, unlike along the California coast, rocks used within the 

study area will likely require a larger footprint in order to ‘float’ on the sand and distribute 

their weight. Tests will need to be conducted and/or surveys taken of natural substrate size that 

supports dense kelp within the Westfjords in order to acquire a better idea of optimally sized 

substrate. Regardless of size of installed substrate, the low relief required for sustained kelp 

growth (Deysher et al., 2002) is still the most critical design facet.  

6.8.3 Navigation and Draft Issues During Construction 

As dense kelp forests provide the greatest wave energy mitigation over the shortest distance in 

relatively shallow water (four to six meters), it would be most cost effective to construct an 

artificial reef along the requisite shallow bathymetry. However, this is shallow water for 

vessels to safely operate in, as demonstrated by the vessel tracks of large ships avoiding the 

study area and remaining in deeper water (marinetraffic.org, 2017). Therefore, using a barge, 
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tug, and winch operation as was done in California will require vessels with shallow drafts, as 

well as using the tides to the vessels advantage.  

6.8.4 Installation of the Reef versus Colonization by Kelp 

The actual construction of the reef would occur over a short time line, likely a couple of 

months at most should weather, tides, and political will allow. The Wheeler North artificial 

reef in California was constructed over 73 days (Elwany et al., 2011). The Wheeler North reef 

is larger than the entire study area, at 0.61km2 as compared to a total of 0.48km2 study area, 

not all of which would be necessary to turn into reef. However, given the biological factors 

involved of kelp colonization, the ‘living breakwater’ would not be fully functional for some 

years after construction. 

As established by multiple studies, kelp are rapid colonizers and re-colonizers of disturbed 

habitat, or new habitat (Reed et al., 1997, Kain, 1971). As a kelp forest can recover from 

environmental disturbances within three to five years (Mork, 2006, Smale et al., 2003, 

Hawkins and Harkin, 1985) it is expected that an artificial reef would be fully functional in 

regards to kelp biomass within five to 10 years. However, this is assuming environmental and 

predation conditions are optimal for kelp growth.  

6.8.5 Reef, Kelp, and Current Interaction with Existing Infrastructure 

One of the twenty sewage pipes that currently services Ísafjörður has its outflow in the waters 

north of the Ísafjörður; this sewage outflow serves approximately 700 people. (R. Trylla, 

personal communication, October 3, 2017). Furthermore, a fish farm exists in the general 

vicinity of the study area.  

The coordinates of the fish farm were acquired by analyzing Google Earth imagery and 

overlaying it with the study area map in QGIS, which resulted in the knowledge that the fish 

farm cages are in deeper water than 10 meters and are therefore unlikely to interact with a 

potential artificial reef in any way. Additionally, any wave and current energy reduction will 

take place shoreward of the fish farm in the new artificial reef, ensuring that the existing 

current-waste regime used by the fish farm will not be altered.  
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Conversely, the existing sewage output may suffer reduced spatial distribution of discharged 

waste with a lesser current. This may be rectified through extension of the sewage pipe deeper 

into Skutulsfjörður or re-routing the sewage flow through alternate discharges. Additionally, 

the total customer base of approximately 700 people utilizing this outflow could be reduced by 

shifting some of that waste to other sewage discharge network outputs within Skutulsfjörður. 

The sewage itself will likely have no impact on the kelp community, and may in fact lead to 

increased biological productivity within the artificial reef’s spatial boundaries due to nutrient 

input (Tegner et al., 1995).  

6.8.6 Long Term Geophysical Benefits 

Fish habitat construction and enhancement as well as a potential carbon sink aside, the long-

term potential of an artificial reef within the study area could eventually create enough new 

beach that Ísafjarðarbær may consider new development along the north coast of Ísafjörður, 

whether it is parkland, residential, or commercial. This long-term consideration can be assisted 

by further construction of hard defences such as groynes, and the eventual migration of the 

current rock armour northwards. Significant further studies and political consideration will be 

necessary if this is to be included this within Ísafjörður’s long term developmental plan. 

Although this option in conjunction with a MFAR kelp wave defense has significant potential, 

the current main goal of a potential artificial reef is to reduce the wave energy impacting 

Ísafjörður’s north shore and the resultant issues ensuing.  

6.9 Financial Considerations of Artificial Reefs 

While sourcing rocks from the Westfjords or Iceland in general should not pose an issue, what 

this may cost is uncertain and best determined by local environmental experts and suppliers. 

Below in Table 5 are costs for some multi functional artificial reefs constructed around the 

world in United States Dollars (USD) and Icelandic Krona (ISK) using November 2017 

exchange rates. 1 USD was equivalent to 102.84 ISK as of November 25, 2017. The currency 

numbers have been adjusted for inflation and rounded to the nearest thousand, therefore all 

numbers represent 2017 levels of purchasing power. Table 5 also specifies materials used and 

distance from shore, though not necessarily from a port. 
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Reef and cost 
per m3 (USD) 

Total Cost 
(USD) 

Total Cost 
(ISK) Material Used Distance from 

shore (meters) Size 

Pratte’s Reef, 
USA 

$435/m3 

697 000 71 679 000 
Sand filled geo-

containers filled on 
land 

80 1600m3 

Boscombe 
Reef, UK 

$357/m3 

5 047 000  518 989 000 Sand filled geo-
containers filled in situ 225 10 000m3 

Kovalam Reef, 
India 

$452/m3 

1 809 600 186 099 000 Sand filled geo-
containers filled in situ 100 4000m3 

Borth Reef, 
UK 

N/A 

19 281 000 1 982 819 
000 

Rocks – imported from 
Norway 400 N/A 

Burkitt’s Reef, 
Australia, 

$39/m3 

12 000 1 204 000 Basalt boulders – 
reprofiled in place Connected 300m3 

Cables Reef, 
Australia 

$315/m3 

1 579 000 162 357 000 

Constructed with 
granite transported by 
barge, put in place by 

excavator 

275 5000m3 

Narrowneck 
Reef, Australia 

$59/m3 

3 533 000 363 310 000 Sand filled geo-
containers filled in situ 150 60 000m3 

Mt. Reef, New 
Zealand 

$136/m3 

705 000 72 516 000 Sand filled geo-
containers filled in situ 280 6500m3 

Opunake Reef, 
New Zealand – 

$344/m3 

1 161 000 119 351 000 
Sand-filled geo-

containers 250 4900m3 

Table 5 – Artificial reefs: location, construction costs, size, distance from shore and material 
used for artificial reefs. (Ng. et al., 2013. US Inflation Calculator, 2017) For further details on 
these reefs purpose and lifespan, see Ng et al., 2013. 

While any structure or substrate placed in the sea will become colonized (Firth et al., 2014), it 

is nearly a certainty that kelp prefer hard substrate such as boulders over geo-containers or 

geotextiles due to the longevity, durability, and composition of natural substrates contrasted to 

anthropogenic subsea structures. For example, alginic acid, or the ‘holdfast glue’ (Sadava et 

al., 2009), bonds with rock as opposed to geotextiles. Research on geo-containers designed to 
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host kelp is lacking, therefore boulders are a preferred and known quantity when designing an 

artificial reef with the desired function to grow kelp in dense numbers.  

Without knowing the local cost for quarried rock and transport costs within the Westfjords, it 

is difficult to place a cost on designing an artificial reef within Skutulsfjörður. Furthermore, as 

demonstrated by transects, some of the substrate currently existing in the study area is proven 

kelp habitat. Additionally, not all of the study area would or should be turned into kelp habitat, 

as kelp growing at four to six meter in depth is the most effective at attenuating wave energy 

(Dubi and Tørum, 1996). These contours occupy approximately 20 of the 64 total polygons of 

the study area; or about 4000m2. Therefore it is likely that the amount of substrate needing to 

be installed would be approximately 4000m3, a similar size to the Cables Reef, Australia 

artificial reef which was composed of granite deposited from a barge (Ng et al., 2013). In 

Australia, this reef was 275 meters from shore and cost approximately 1.5 million USD / 162 

million ISK. The shore-ward edge of the study area in Skutulsfjörður is between 100 and 450 

meters from shore. However, this is mostly irrelevant as there is no docking infrastructure 

along the north beach; therefore all materials would need to be loaded at the port of Ísafjörður, 

if sourced locally. The estimate of material required also includes creating transition zones 

from the 6 to 10 meter contours by depositing cobbles and gravels.  

The above estimate uses all available data; however, it should be noted that the exact location 

of the precise four meter contour is unknown due to the mapping ship being unable to operate 

in such shallow depths. It is possible that the new chart being published in late 2017 or early 

2018 will have more precise details. A more accurate four meter contour line would alter and 

increase the study area. Regardless, this contour must be more exactly known before 

construction of an artificial reef can take place. This survey, and additional benthic surveys 

would add a small amount to the total estimated cost. Furthermore, as a MFAR growing a kelp 

breakwater would be a long term, self sustaining coastal defence, long term sea level rise must 

be taken into account – and doing so would shift the most efficient depths for wave attenuation 

shoreward as the mean water level increases.  
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Creating an MFAR designed to nurture kelp as a wave defence appears financially, physically, 

and ecologically viable. However, further assessments and monitoring are required before 

installing a final, permanent reef.  
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7 Recommendations 

This	theoretical	project,	a	MFAR	designed	to	nurture	kelp	to	act	as	as	a	wave	defence	has	

never	been	attempted	(Morris	et	al.,	2018),	studied,	nor	proposed.	The	existing	literature	

on	kelp	and	wave	energy	attenuation	exists	in	either	a	passive	observation	paradigm,	

such	a	field	studies	on	natural	kelp	forests	(Mork,	1996),	or	in	laboratory	testing	using	

wave	tanks	and	models	(Dubi	and	Tørum,	1996).	This	thesis	has	examined	the	observed	

and	theoretical	aspects	of	kelp	and	wave	interactions	and	combined	it	with	ecology,	

geology,	geography,	and	human	factors	of	kelp	in	general	and	Skutulsfjörður in specific.	

Given	that	this	paper	is	proselytizing	the	potential	benefits	of	kelp	wave	defense	MFARs	

in	general,	it	has	not	considered	in	depth	many	of	the	more	subtle	oceanographic	signals	

within	Skutulsfjörður and Ísafjarðarjúp which do not necessarily apply elsewhere; 

Skutulsfjörður was chosen as a test site to analyze due to bathymetry, erosion, and deposition 

factors. As this thesis is concerned with the general viability of a kelp wave defence, which is 

widely applicable wherever laminarials grow and bathymetry permits, it has not addressed in 

depth such factors as the variable wind field, swell, and tidal range seen in Skutulsfjörður. 

Further oceanographic analysis is required to quantify these factors in Skutulsfjörður. Should 

the concept of a kelp breakwater be utilized elsewhere, these factors will conform to the locale 

and must be analyzed accordingly.  

7.1 Overview 

Literature, lab trials and field measurements arrive at the same conclusion: kelp is a proven 

attenuator of wave energy (Mork, 1996, Dubi and Tørum, 1996). Additionally, artificial reefs 

have been constructed as habitat replacement to grow kelp (Morris et al., 2018. Elwany et al., 

2011. Reed et al., 2005. Deysher et al., 2002), proving this is a viable task. However, to date, 

no one has created reefs with the intention of growing kelp to act as a nature-based wave 
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defence. This is potentially because of the variability of nature based defences as disease, 

predation or multiple stressors such as repeated large storms play a role in the efficiency of 

nature based defences (Morris et al., 2018). 
Due to the cutting edge potential of such a project and current lack of knowledge regarding 

MFARs designed to grow kelp as a biological wave defense, surveys are required throughout 

the study area in order to determine the local factors in stands with the greatest kelp density, 

most pertinently substrate type and interactions with edge zones. It is recommended that a 

study using an echosounder as well as divers is commissioned to survey existing kelp forest 

density and distribution in detail within Ísafjarðarjúp with the intention of recreating the best 

possible conditions in Skutulsfjörður.  

Once the best substrate composition and mix is determined, trial plots within the study area 

should be established to determine the long term viability of an artificial reef designed to grow 

kelp primarily as a wave defence. Should natural kelp distribution and density be insufficient 

to noticeably attenuate waves in natural kelp forests, an additional study must be done to 

determine whether this is simply a result of a lack of suitable substrate, or the general 

distribution of L. hyperborea in Iceland. The latter is an unlikely result, given that kelp forests 

in studied areas of Norway are extremely dense (with an average of 17 kelp units per square 

meter) (Mork, 1996). However, it is a factor that must be considered, regardless of the 

likelihood of such a survey result; this will be determined within the test plot stage. 

Monitoring these test plots over a time scale of five years would provide a valuable baseline 

for how kelp and other species react to introduced substrate. If and when the kelp that 

colonizes the introduced substrate grow at a sufficient density, commencement of a full scale 

artificial reef could commence.  

Before Ísafjörður chooses to begin this project, a long term cost-benefit analysis should be 

conducted (Morris et al., 2018). Globally, nature based defences were found to be two to five 

times cheaper than a submerged breakwater for attenuating waves that are up to half a meter 

high, and can be more effective, regardless of cost, at deeper depths (Narayan et al., 2016). 

How this preventative coastal defence will compare to rock armour maintenance costs and 
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shipping channel maintenance for Ísafjörður is a question that requires a thorough cost-benefit 

analysis, both with existing seas and considering rising sea levels. This cost-benefit analysis 

should also include the possibility of creating new land where the north coast of Ísafjörður 

currently maintains, although that will be another political decision.  

If the municipality of Ísafjörður chooses to act on this project not only as a long-term wave 

defence, but also on the land reclamation, habitat, scientific, educational, habitat and tourism 

aspects of an artificial reef, it is possible that a cost-benefit analysis may not be a holistic 

analysis of the full benefits. For example, quantifying the benefit to the towns growing 

reputation as a centre for innovation may not be a numerical value, but instead another 

example of innovative Ísafjörður. This is an aspect that relates to political will, execution and 

marketing, therefore it is out of the realm of this study. However, it is difficult to put numbers 

on nebulous concepts such as reputation and/or future research, and therefore these potential 

benefits must be considered separately from the financial-environmental lens.  

A living breakwater of kelp would prove to be another level of defence against waves, storms, 

and ocean based erosion, and seemingly a very efficient and effective one if an artificial reef is 

built to support kelp of sufficient density. The benefits of such a project are likely to be more 

than a simple wave defence, although the recommendations below are linked to the primary 

objective of this study: determining the viability of a living breakwater composed of kelp 

grown on an artificial reef to reduce wave energy. 

7.2 Recommendations for creating a multi functional 
artificial reef in Skutulsfjörður 

Most artificial reefs constructed around the globe do not have the primary aim of coastal 

protection, and building an artificial reef designed to grow kelp for the purpose of a wave 

defence has never been done (Morris et al. 2018). As an artificial reef designed to nurture a 

kelp forest for wave attenuation has not been attempted, this guide draws from the design 

criteria of the successful artificial reef created in California specifically for replacing kelp 

habitat (Deysher et al., 2002). It also includes consideration from a multitude of other MFAR 

design criteria, sucessess, and failures around the globe, adapted to the native species as well 
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as geophysical and socio-economic conditions within Skutulsfjörður to provide a guideline 

moving forward for coastal authorities within Iceland investigating new nature based coastal 

defences.  

7.2.1 Setting Targets 

The overarching goal of an artificial reef in Skutulsfjörður created to attenuate wave energy 

must be to promote and maintain requisite kelp density. Laminaria hyperborea at a density of 

12 kelp units per square meter has been demonstrated to attenuate wave energy by 50% (Dubi 

and Tørum, 1996); see Table 1 for details. This is the most important target to be attained in 

this project; any other goals are secondary considerations.  

Should funding and political will be secured, the first step towards creating a living 

breakwater should begin in 2019. As this type of artificial reef with the specific aim of 

reducing wave energy has never been attempted before (Morris et al., 2018), timelines must 

remain flexible yet realistic due to the fact that oceanographic and environmental conditions 

may be unpredictably unfavourable for kelp establishment on an artificial reef (Ambrose, 

1994).  

Should the requisite test artificial reef plots, detailed below in Tables 6 and 7, bear acceptable 

results of creating kelp habitat at a density of 12 per square meter for 50% wave energy 

reduction (Dubi  and Tørum, 1996), full scale construction of the artificial reef can begin. 

However, this timeline will depend on results from earlier stages; the successful establishment 

of dense kelp communities on test plots. It is estimated that should environmental conditions 

permit, a prototype artificial kelp reef will reach maturity within three to five years (Smale et 

al., 2013, Mork 2006, Hawkins and Harkin, 1985). However, this may take longer within 

Icelandic waters as Laminaria hyperborea has a proven growth rate slower than many other 

types of kelp (Gunnarsson, 1991). Nevertheless, kelp colonization and progression as 

compared to various test reefs should allow a design for the reef to be selected and 

implemented by 2025 with full reef functionality by 2030, and maturity by 2035.  



	

	 87	

7.2.2 Determining a Baseline 

A dearth of historical environmental data exists for much of Iceland; in particular there are no 

records of kelp within Skutulsfjörður until the field surveys undertaken for this thesis. The reef 

design team in California used historical aerial photography to determine areas of persistent 

and dense kelp habitation (Deysher et al., 2002), however this is not an option for 

Skutulsfjörður as Laminaria hyperborea does not have a bladder nor fronds that float on the 

surface; therefore aerial photos were unable to determine historical kelp density. 

In consultation with oceanographic surveying industry professionals, the best option to 

efficiently and thoroughly map the bathymetry and vegetative communities within 

Skutulsfjörður is the MX Aquatic Habitat Echosounder, produced by the company BioSonics 

(B. Garrett, personal communication, Feb 8, 2018). The MX Aquatic Habitat Echosounder is 

capable of being mounted to a small boat to map submerged aquatic vegetation, delineate 

areas of sand, mud, and rock, as well as generate contour profiles; the three most important 

areas of knowledge required to pursue creating an artificial reef. The requisite boat must have 

a shallow draft in order to work safely in shallow waters; using the tides advantageously may 

mitigate some hazards of working in such environs. Purchasing an MX Aquatic Habitat 

Echosounder, which costs approximately 13 000 USD will increase the efficiency while 

decreasing costs and man hours of baseline and future surveys, as well as allow for monitoring 

in later phases of construction.  

As there are no historical or detailed modern records of flora and reef disposition, an 

echosounder, followed by diver surveys should be utilized to conduct visual benthic surveys 

noting areas of kelp with a density of greater than 12 plants per square meter, the baseline set 

out for a 50% reduction in wave energy. Only one polygon within the surveyed area 

approached this level of density; transect eight, point four, which recorded a density of 41 kelp 

over 10 square meters. However, 60% of this transect point surveyed proved to be sand, 

uninhabitable for kelp. Therefore, 40% of the 10 square meters was thickly colonized by kelp, 

leading to a density of 10.25 kelp plants per square meter. As discussed above, only 655 of the 

480 000 square meter study area was visually surveyed, leaving room for significant data to be 

missed. However, by using an echosounder to map the entirety of the study area will be able to 
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locate similarly dense kelp stands and analyze and measure the natural substrate diameters, 

composition and disposition that allows dense kelp stands to exist and maintain (Deysher et 

al., 2002). Visual surveys from above were unable to quantify or identify the substrate on the 

benthos due to thickness of kelp fronds, illustrating the need for measurements using an 

echosounder to determine density and substrate. Once dense kelp stands are located, divers 

should be utilized in these locations to acquire precise measurements of substrate composition, 

disposition and relief, as well as kelp measurements plus any anecdotal data such as fish 

communities.  

Locating and measuring these dense kelp stands will provide an estimate of kelp stand 

maturity within Skutulsfjörður, as Laminaria hyperborea has been measured to grow by 25 

centimeters a year (in a good growing year) in Icelandic waters (Gunnarsson, 1991), allowing 

the approximate age of the kelp stands to be determined by kelp height. By estimating the age 

of mature kelp stands, artificial reef designers will be able to implement a timeline for full 

MFAR operability and protective abilities. The echosounder should also be used in later 

project phases annually to measure reef progression and maintenance of biomass. 

Furthermore, using divers to analyze the natural substrate will allow mimicry of demonstrated 

successful and long term natural kelp habitat when construction begins. By imitating natural 

reef substrate (NRS) conditions, an artificial reef will also play host to other animals and 

plants within Skutulsfjörður, reducing the likelihood of non-native species establishing on an 

artificial reef (Coimbra, 2001) while enhancing native fish habitat.  

Along with a lack of historical of data relating to kelp in Skutulsfjörður, there are also no 

quantified data regarding wave energy within Skutulsfjörður, only the results of waves such as 

flooding and coastal erosion. In order to determine if the future kelp MFAR has reached its 

goal of 50% wave energy reduction, planners must be aware of current wave conditions.  

Although wave buoys are currently too large to operate in the shallow water that the study area 

lies in, it is viable to use other existing technology such as pressure gauges to measure water 

pressure and therefore wave height; tidal changes can be removed during analysis. A reliable 

solution would involve placing and weighting RBRvirtuoso³ D|wave16s, produced by the 

company RDB ocean ward of the study area, as well as shoreward of the study area. These 
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autonomous sensors can measure wave heights, and by proxy wave energy. This information 

can be sent directly to shore via cable for real time measurements or stored for retrieval. 

Comparing the two will allow the creation of wave energy baselines and continual monitoring 

throughout the various phases of this project.  

7.2.3 Artificial Reef Test Plot Design 

By analyzing the natural reef substrate conditions via echosounder and dive surveys, an 

average measurement of ‘ideal’ natural kelp habitat within Skutulsfjörður can be determined 

and test plot design densities assigned. 18 30 by 30 meter test plots should be established, each 

with three variables: benthic coverage of substrate by placed rocks, relief, and materials; rock 

or concrete. For reference, test plot reef designs in the San Onofre Nuclear Generating Station 

(SONGS) replacement kelp habitat project placed rock and cement within 56 separate 40 by 

40 meter test plots at 17, 34, and 64 percent coverage over the benthos respectively. (Elwany 

et al., 2009). The lower range was selected as it represents the cover of larger boulders within 

a nearby natural kelp bed, whereas the upper range was selected as it covers the range of 

cobbles plus boulders within the natural kelp bed (Deysher et al., 2002). 

While this methodology sufficed for the SONGS project, it will be inadequate within 

Skutulsfjörður as the goal of the Icelandic reef is not to fully mimic and replace habitat 

destroyed, but rather to create habitat optimal for dense cultivation of Laminaria hyperborea. 

Therefore, in three of the test plots for each substrate type, the percentage of substrate 

coverage by placed rock will likely be higher than the natural optimum to test whether kelp 

can grow and maintain at a denser level than currently exists. An additional three plots should 

be established as control plots, attempting to closely imitate optimal natural kelp habitat, while 

the remaining three test plots should be dispersed at less than optimal natural reef substrate 

(ONRS) percentages. 

Relief, defined as distance from the substrate to the highest point of the reef material will be 

tested in similar fashion by creating test plots that utilize lesser relief, the same relief as 

ONRS, and greater relief. Given that optimal natural reef substrate percentages as well as 

optimal relief are not currently known and will be analyzed by divers during the determination 
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of a baseline, these will remain as variables within the planning stage until set by field 

measurements. An additional aspect to consider in regards to environmental management 

could include whether concrete is acceptable to place in the ocean; this is an issue for the 

federal government. If officials elect to use only rock as artificial reef substrate, this will halve 

the time and effort of all construction steps within the experimental phase suggested below.  

Plot 
Number 1 2 3 4 5 6 7 8 9 

Substrate 
Coverage <ONRS =ONRS >ONRS <ONRS =ONRS >ONRS <ONRS =ONRS >ONRS 

Relief Low Medium High Low Medium High Low Medium High 
Table 6 - Rock based artificial reef test plot design parameters 

Plot 
Number 1 2 3 4 5 6 7 8 9 

Substrate 
Coverage <ONRS =ONRS >ONRS <ONRS =ONRS >ONRS <ONRS =ONRS >ONRS 

Relief Low Medium High Low Medium High Low Medium High 
Table 7 - Concrete based artificial reef test plot design parameters 

Test plots should be constructed within 50 meters of existing kelp stands so as to ensure easy 

colonization by kelp spores. A map to plot these optimal test sites will be produced during the 

baseline establishment phase; as such, further detail will not be possible in these guidelines. 

7.2.4 Implementing artificial reef test plots 

Once material supply has been established and a sufficient amount of rock and concrete (if 

desired) of the requisite dimensions has been acquired, construction should proceed from a 

barge mounted front end loader to disperse rock over the side, in conjunction with a tug boat 

to move the barge to new test plots. Ideally a barge with a six point anchor system would be 

contracted for reef construction, as was done on the SONGS project in California (Deysher et 

al., 2002), however, this may incur unacceptable costs; again, this is a political issue for the 

municipality. Should a barge with this anchor system be contracted, test plots can be precisely 

constructed by moving the barge via its anchor system in three meter increments while a front 

end loader deposits material at the density required. Should a barge reliant on tugboat control 

be used, the 30 by 30 meter plots will become approximate due to drift, although they should 

still achieve the objective of creating eighteen distinct test plots.  
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This stage of the project should occur over summer or autumn months in order to utilize the 

calmer seas of summer and minimize drift. Construction time should take approximately two 

to three weeks, and use of an echosounder will be able to document the true measurements of 

the deposited rock and concrete test plots after the barge phase is completed.  

7.2.5 Monitoring and evaluating test plots 

As most artificial reefs aim to provide habitat for targeted species or increase fish biomass 

rather than act as a coastal defence (Morris et al., 2018), existing evaluation standards rightly 

evaluate biomass and organism mortality amongst other biological factors in relation to 

standing natural reefs (Reed et al., 2005). Given that the current goal of the Skutulsfjörður 

kelp reef is strictly to attenuate wave energy rather than provide habitat, many of these 

standards are not appropriate (Reed et al., 2005) to evaluate the nine to 18 test plots 

constructed during the test plot implementation phase. Therefore kelp recruitment and 

retainment specific performance criteria must be enacted. SONGS, off the coast of California 

stipulated that 90% of post-construction surveyed substrate must remain colonized or 

colonisable by kelp (Reed et al., 2005). In the case of Skutulsfjörður, this may be a reasonable 

criteria. However, precise criteria will not be known until the ONRS is known. This will be 

discovered during the test plot design phase, therefore test plot criteria for monitoring cannot 

be established until more detail is known. 

Experts within the field should be engaged to assist in creating evaluation metrics; in 

particular the kelp specialist at Hafrannsóknastofnun (Marine Research Institute), Karl 

Gunnarsson should be consulted regarding any potential shortcomings or potential 

shortcomings of the successful reef design or monitoring criteria. Similarly, a marine biologist 

that is familiar with the near shore shallow water benthic community within the Westfjords 

should also be consulted. 

As has been established, to provide a 50% reduction in wave attenuation, Laminaria 

hyperborea must establish at 12 plants per square meter (Dubi and Tørum, 1996) at the 

minimum. This is the only hard metric that can currently be slotted into an evaluation matrix 

for the test plots; secondary metrics should be derived after the baseline phase. Despite the 
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inability to set hard metrics other than kelp density as of this point in time due to current lack 

of knowledge, methodology can be set and modified accordingly.  

While monitoring the SONGS test plots off the coast of California, the University of 

California team established four permanent 40 meter transect lines per test plot and seven 

permanent transect lines per reference reef. These transects were surveyed annually by divers 

analyzing kelp abundance, species living within the kelp, macro invertebrates and understory 

algae, if any (Reed et al., 2005). A similar approach may be taken in Iceland with Westfjords 

specific metrics. While the SONGS test plots were larger than the 30 by 30 meter test plots 

recommended within Skutulsfjörður, a similar methodology of installing fixed transect lines 

post test plot construction with the intent to commission annual dive surveys will provide a 

good indicator of how the test plots are progressing. These surveys will provide detailed 

annual growth or mortality information. In conjunction with use of the echosounder to 

measure the biomass of the kelp within the entirety of the study area, a holistic picture of the 

health of the laminarials and other organisms in the area will be illustrated annually.  

The echosounder will likely be unable to determine the presence of cyanobacterial mats. As 

the interaction between cyanobacteria and kelp is assumed to be minimal due to different 

habitat preferences, it is unlikely kelp will affect cyanobacteria presence or vice versa. 

However, it is possible and therefore will require dive surveys to monitor if cyanobacterial 

mats are inhibiting kelp colonization by obscuring suitable substrate; these surveys can be 

operated in conjunction with annual transect survey measurements.  

7.2.6 Assessing and selecting a reef design 

This phase should take place after five full years of dive and echosounder surveys monitoring 

the nine or 18 artificial reef test plots. Whichever reef design demonstrated in Tables 6 and 7 

is host to the densest concentration of Laminaria hyperborea should be chosen to comprise the 

full scale artificial reef for maximum wave attenuation.  

However, should none of the reef designs have reached the absolute metric of 12 units of kelp 

per square meter necessary for the 50% reduction in wave energy, a decision must be taken 

whether to continue monitoring for additional years, to trial new reef designs, or to abandon 
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the project. It is plausible that five years may be insufficient to establish a mature kelp 

community on these test plots; as Laminaria hyperborea is a long lived species, it can live up 

to 20 years (Sjøtun et al., 1993) and grow up to 3.6 meters tall. At Icelandic growth rates of 25 

centimeters a year (Gunnarsson, 1991), it could take test plot kelp approximately 15 years to 

reach this height, even given optimum conditions. Due to storm mortality and herbivorous 

pressures, it is probable they never reach this height in Skutulsfjörður; kelp measured during 

the visual transects did not exceed 1.5 meters. However, in assessing the test plots, density is 

the critical factor, not height. Should the requisite density not be achieved, that should be 

taken as an ‘as and when’ decision as to how to proceed.  

7.2.7 Stakeholder Engagement 

After official expertise and opinions have been gathered and a final reef design selected, 

stakeholders and other interested parties should be informed and given an opportunity for 

input in order to ensure a public voice is heard and any concerns raised can be addressed 

(Sawchuk et al., 2015). This approach may not necessarily have to be a formal meeting (Reed 

et al., 2005), but an avenue for the public and stakeholders to be heard may determine the long 

term viability of an artificial reef for kelp. As this MFAR is aimed at providing a passive 

ecosystem service rather than fish biomass or tourism, it is probable that stakeholder 

engagement will be limited. Should this MFAR be designated as a marine protected area after 

construction, this will require significantly more public consultation and input. However, this 

step is likely unnecessary due to the current lack of extractive or harvesting activities within 

the study area.  

7.2.8 Implementation 

Once a reef design is decided upon, implementation using the same techniques as when 

constructing the test plots should occur quickly in order for the new reef to reach maturity as 

quickly as possible. This should be undertaken in the autumn in order to take advantage of the 

over-winter reproduction habits of Laminaria hyperborea (Lüning, 1980), as well as to utilize 

the stronger waves and wind over winter to ensure sporophyte dispersal (Kain and Jones, 

1975). An additional benefit of construction during this period includes the probable 
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displacement of seasonal algae (K. Gunnarsson, personal communication, November 14, 

2017), allowing Laminaria hyperborea spores to colonize substrate with few competitors.  

This rationale also applies to cyanobacterial mats known to inhabit the benthos in 

Skutulsfjörður; although their effect on kelp recruitment is unknown, it is possible they restrict 

colonization by kelp by occupying suitable substrate. However, the cyanobacterial mats are 

likely dislodged and scattered during winter storm events due to their extremely weak 

structure; further research may be required to verify this. This information should be acquired 

during the monitoring phase of the test plots by diver surveys.  

The dimensions of the final reef may be constrained by funding for the project. In an optimal 

scenario, the entire study area would be turned into an artificial reef. However, it has been 

proven that the largest wave attenuation through kelp beds occurs in depths of four and six 

meters (Dubi and Tørum, 1996); refer to Table 1 for variations in depth versus attenuation. 

Constructing the reef in these four to six meter depths would provide the greatest wave 

attenuation per krona expended.  

Although the four meter bathymetric contour is not currently precisely known due to 

insufficient depth for the mapping ship to operate in, this important contour will be described 

in detail during the baseline phase by using an echosounder. The current measurements of the 

four to six meter depth contours within the study area range from 45 meters to greater than 

200 meters wide; these numbers will increase as the four meter depth contour is delineated 

precisely. Table 1 illustrates that L. hyperborea at 12 plants per square meter will reduce wave 

energy by 50% over 74 meters of dense kelp at four meters of depth (Dubi and Tørum, 1996); 

therefore the area between the four and six meter bathymetric contours will prove an effective 

location for this reef. Construction does not have to be precisely within these contours, but 

rather using them as a rough boundary; tides and sea level rise will change the depth of ‘four 

to six’ meters over time.  

It is unlikely that building part of the MFAR in transects 10 and 11 will significantly increase 

wave attenuation; despite suitable substrate currently existing, Laminaria hyperborea 

colonization in these transects was minimal. This may be due to factors such as predation or 
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sand scouring. However, given the limited range of the existing data, the transect points 

surveyed during this thesis may prove to be outliers; more accurate maps will be produced 

during the baseline phase.  

Upon completion of construction of the MFAR, the echosounder should be used to ensure 

substrate placement occurred according to planned disposition. Divers should be used to affix 

multiple permanent transect lines through the newly constructed reef in order to facilitate 

detailed year to year diver surveys, resulting in measurements of flora and fauna. 

7.2.9 Maturation and Monitoring 

It has been found that 50% of artificial reefs fully meet their objectives while the remainder 

are deemed inadequate in performance to established project goals. It is important that long 

term monitoring and maintenance, if necessary, be accounted for within the planning and 

funding stages (Baine et al., 2001). Artificial reefs must be monitored frequently after 

construction to ensure they are consistently achieving their objectives (Seaman, 2000); this is 

particularly pertinent within Skutulsfjörður given the potential geospatial variation of kelp 

forests due to environmental factors and herbivorous pressures (Smale et al., 2013). Given the 

possibility for the reef to be greatly deforested within a short time period, it is important that 

other coastal defences are still maintained (Morris et al., 2018) to be used in conjunction with 

the kelp reef.  

If the five year timeline to maturity established by the test plot monitoring occurs and holds 

true, it can be expected that the full scale artificial reef will begin to reach maturity and 

provide some level of wave attenuation service 11 years after the baseline has been 

established. Barring delays, this will place reef operability by 2030. As the project is in a 

theoretical phase, the only hard requirement is the maintenance of kelp density at 12 kelp per 

square meter over distances established in Table 1; kelp height and distribution should be 

mapped bi-annually using the echosounder.  

Surveys using the echosounder should be undertaken in approximately March as solar 

insolation will begin to trigger biological growth within Skutulsfjörður at this time. It is 

assumed that some kelp mortality will occur over winter due to the power of large storms to 
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‘uproot’ Laminaria hyperborea; surveys undertaken in March will be able to determine kelp 

loss over winter before the kelp growing season.  

The second bi-annual survey should be undertaken in October, coinciding with the decrease of 

significant solar insolation. Autumn will be the end of significant photosynthesis and therefore 

growth within Skutulsfjörður; by comparing the March and October echosounder survey 

results, the annual change in kelp density and coverage can be mapped. These echosounder 

surveys should be taken annually throughout the lifespan of the reef; both for practical 

monitoring purposes as well as to create a repository of scientific knowledge of kelp behaviour 

on introduced substrate over an extended length of time.  

In addition to surface based echosounder surveys, annual dive surveys should be undertaken 

along the fixed transect lines established during the implementation phase to measure small 

scale phenomenon such as understory algae presence, urchin density, disposition of sessile 

organisms such as barnacles, and any other factors established during monitoring of the test 

plot phase. These factors may not directly relate to the density of kelp, however, these 

indicators may be proxies for future kelp distribution and density changes. September may 

prove to be an optimal time for annual dive surveys, as the phytoplankton bloom will be 

decreasing, yet there is still significant solar insolation; marine flora and fauna will still be in 

summer orientation.  

The guidelines suggested above must remain flexible in regards to changing environmental, 

socioeconomic and political factors; it would be imprudent to establish a plan with insufficient 

flexibility. However, by remaining focused on the overarching goal of sufficient kelp density 

to attenuate wave energy, this theoretical reef designed to nurture kelp could prove to be a 

valuable addition to the coastal defences of Ísafjörður and potentially Iceland as a whole.  
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8 Conclusion 
 
A study area was established and visually surveyed to determine kelp density, substrate 

composition, and biological communities off of the north coast of Ísafjörður. Upon analysis, it 

was determined that substrate composition was the main limiting factor in kelp density and 

distribution. The existing kelp, mainly Laminaria hyperborea, mostly grew near shore in four 

to six meter depths. L. hyperborea does not grow at high densities nor with contiguous 

distribution in Skutulsfjörður; current kelp biogeography is insufficient to noticeably attenuate 

wave energy. Therefore it was determined that to build an artificial reef with the intent of 

growing kelp at a sufficient density to attenuate wave energy by at least 50%, boulder and 

large cobble sized substrate would need to be added to the benthos by way of front-end loader 

and barge. Additional smaller substrate (cobbles and gravels) would need to be deposited on 

the edges of boulder fields to create transition zones. 

Creating a wave defence by building an artificial reef to grow kelp is seemingly a viable and 

relatively simple task with numerous benefits, foremost of which is a significant reduction in 

wave energy and the concurrent long shore and cross shore currents. This reduction in wave 

energy will, in turn, reduce coastal erosion and increase foreshore accretion, as well as alter 

the sediment budget further along the coast. In the case of Ísafjörður, this will lead to a 

reduction of sediment input into Sund and the resultant need to dredge the channel less often.   

While multiple factors such as further surveys, funding, political will, stakeholder 

engagement, construction permits and monitoring are required, an artificial reef in 

Skutulsfjörður is an achievable and worthwhile objective that will assist Ísafjörður maintain its 

coastal defences and shipping infrastructure against an encroaching ocean. By making use of 

this thesis, Ísafjörður town planners in specific and coastal managers in general can use kelp-
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based living breakwaters as a nature based solution to storms and rising sea levels; another 

tool in the ongoing battle to maintain and protect coastlines around the world.    
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