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Abstract 

 

Beach-cast kelp (principally Laminaria spp.), known as macroalgal wrack, has been 

suggested as a feedstock for biofuel. However, to be extracted sustainably it is necessary to 

understand its ecological role and predict the impacts of its removal. Field-based 

observations combined with food web modelling were used to predict the ecosystem effects 

of removing wrack from beaches of the Uists, western Scotland. Beaches with wrack were 

associated with enriched benthic infauna (polychaetes) on the lower shore, and wrack 

mounds supported abundant macroinvertebrates (mainly Diptera larvae and oligochaetes); 

with some of the highest biomasses reported globally for beaches. These fauna are valuable 

prey to shorebirds, as demonstrated by a strong positive relationship (R
2 

= 0.82) between 

wader abundances and the percentage cover of wrack on beaches. Inshore, drifting 

macroalgae was associated with elevated abundances of detritivorous hyperbenthic fauna 

(mysids, isopods and gammarid amphipods). In addition, the volume of drifting macroalgae 

inshore was a significant predictor (along with physical beach characteristics) for the 

abundance of decapods and fish. Food web models and network analysis indicated that 

beaches which accumulate wrack had a greater diversity of trophic links and more functional 

redundancy, making their food webs more resilient to perturbations. Such perturbations 

may include stressors induced by climate change, such as increased erosion of sediments 

during storms, elevated atmospheric and sea surface temperatures and elevated CO2 

concentrations. Model simulations of wrack harvesting predicted an immediate decline in 

primary consumers in direct proportion to the quantity of wrack removed, and a slow 

decline in shorebirds in response to reduced prey. Primary consumers were predicted to 

recover to their pre-harvest biomasses within 1 to 2 years regardless of harvesting intensity, 

but recovery times for shorebirds were an order of magnitude longer, and increased with 

harvesting intensity. Harvesting more than 50% wrack predicted a ‘collapse’ in wader 

populations within 25 years, and recovery times of 45-60 years were estimated if >70% 

wrack was removed. The findings of this thesis suggest wrack provides essential food and 

shelter to coastal fauna, and its large-scale removal would have significant negative impacts 

to the ecosystem functioning. 
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1. 1 Thesis statement 

 

Macroalgae has been suggested as a feedstock for the biofuel industry. The resource 

of interest in this study is beach-cast kelp (principally Laminaria spp.), which is washed onto 

the beaches of Scotland periodically throughout the year. Before beach-cast kelp is collected 

for biofuel it is preferable to understand its ecological role, and predict the impacts of its 

removal. Detached macroalgae that is cast onto beaches, or floats in the water column is 

also termed ‘wrack’.  

 

1. 2 Chapter overview 

 

In this introductory chapter the reader is first introduced to the concept of 

macroalgae for biofuel, and then the need for an ecosystems-based approach for 

management of the marine environment. The use of ecological models to predict the trophic 

impacts of resource extraction is then introduced. Following this, a description of the study 

area is given, which details the availability of beach-cast kelp as a biofuel resource in western 

Scotland. Broad concepts of sandy beach ecology and food webs are then covered, as is the 

current knowledge on the ecological role wrack and the potential impacts of its removal. The 

research gaps are then highlighted and the research approach is outlined in a broad 

overview of the chapters.   

 

1. 3 Macroalgae for biofuel 

 

Fossil fuels dominate the global energy market, and met 87% of the world’s energy 

demands in 2011 (BP, 2012). Not only are fossil fuel resources finite, but their combustion 

over the last century has led to an increase in atmospheric CO2 concentrations, which has 

been linked to global warming and climate change (Cox et al., 2000, Meinshausen et al., 

2009). Since the UN Conference on Environment and Development in Rio de Janeiro (in 

1992), there has been considerable effort to reduce CO2 emissions, and to find more 

environmentally sound and renewable alternatives to fossil fuels (Gao and McKinley, 1994). 

Biofuels such as bioethanol and biogas are produced from organic matter, and have been 

suggested as a substitute to fossil fuels (among other renewable energies) (DECC, 2013). 
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Therefore, marine biomass such as macroalgae (seaweed) have potential as a biofuel 

feedstock, especially on coastlines where cultivation is possible and/or there are abundant 

natural macroalgal resources (Roberts and Upham, 2012, Kelly and Dworjanyn, 2008). 

However, the use of macroalgae for biofuel would have environmental consequences, and 

these need to be investigated.  

 

Bioethanol is alcohol produced from the fermentation of organic matter which is rich 

in carbohydrates and sugars. The major feedstocks are currently terrestrial crops such as 

sugarcane and corn (DECC, 2013). Biogas is methane that is produced by the microbial 

anaerobic digestion of organic matter. Biogas feedstocks include a large variety of organic 

matter, but are usually waste materials such as refuse and animal by-products and sewage 

sludge (DEFRA, 2011). The current European Union targets are that 10% of all transport fuels 

should be met by biofuel by 2020, and that only 5% of this can be supplied by food-based 

biofuels (EC, 2012). The use of terrestrial biomass for energy production has come under 

scrutiny due to the increased demand it places on the world food resources, as well as the 

associated land degradation and conservation issues linked to large scale monoculture (Gao 

and McKinley, 1994, Pimentel, 2003). Corn and sugarcane production are associated with 

soil erosion, and contribute to land, air and water pollution through the extensive use of 

insecticides, herbicides and nitrogen fertilizers (Pimentel, 2003). At a time when more than 

half the world’s population is malnourished, producing fuel crops in place of food raises 

serious ethical questions (Pimentel, 2003). Hence the limitations imposed by the European 

Union for the conversion of food crops to fuel, and the exploration for marine alternatives.  

 

In the United Kingdom, brown macroalgae from the family Laminariaceae have 

potential as biofuel feedstock’s, and three sources have been proposed: 1) collection of 

beach-cast kelp washed onto beaches; 2) harvesting wild macroalgae from the intertidal and 

subtidal environments, and; 3) cultivation of macroalgae in sea lochs using long-lines 

(aquaculture) (Bruton et al., 2009). Not all of these could be covered within the duration and 

budget of this study, therefore this research focuses on the ecosystem effects of using 

beach-cast kelp. 
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1. 4 The ecosystems approach to management 

 

Over the last two decades the management of marine environments has shifted from 

focusing on single species to managing entire ecosystems (Pikitch et al., 2004, Raffaelli, 

2006). This is largely because no organism exists in isolation, and all species have direct or 

indirect trophic linkages, with multiple feedbacks between trophic levels (Raffaelli, 2006, 

Raffaelli and Frid, 2010). The ecosystems approach to management acknowledges that 

ecosystems as a whole provide services (e.g. food, tourism, nutrient recycling) that are 

important to human wellbeing (MEA, 2005) and may be directly or indirectly affected by 

resource extraction (Jones-Walters and Mulder, 2009, Leslie et al., 2009) or natural 

perturbations (Raffaelli, 2006). There is growing evidence that loss of biodiversity as a result 

of habitat destruction greatly impairs the marine environment’s ability to provide such 

services (Worm et al., 2006, Bulling et al., 2010, Raffaelli, 2006). As such, trophic interactions 

need to be explicitly considered by policy makers so that marine resources (e.g. kelp and 

wrack) can be sustainably managed. In addition, understanding the magnitude of links 

between ecosystems, and the human benefit associated with the services they provide, has 

been recognized as vital information for the implementation of ecosystem based 

management strategies (Leslie et al., 2009, Raffaelli and Frid, 2010).  

 

Changes to food resources at the base of food webs, such as a decline in macroalgal 

wrack, may have unforeseen effects to higher trophic level organisms, such as birds (Dugan 

et al., 2003) and fish (Crawley et al., 2006) due to a reduction in their prey. Each change in 

the biomass and diversity of fauna then influences the services provided by the ecosystem 

(Bulling et al., 2010). For example, changes in the abundance and diversity of birds would 

impact the aesthetic and ecotourism value of the coast (Whelan et al., 2008). Changes to fish 

populations would influence fisheries and the provision of food to man (Leslie et al., 2009, 

Worm et al., 2006), while changes to the diversity of benthic infauna associated with 

decaying macroalgal mats would impact the decomposition of organic matter, and the 

recycling of nutrients that are essential for sustained primary production in the nearshore 

environment (Raffaelli, 2006, Bulling et al., 2010).  
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Conducting ecosystem-level research also aligns with polices and legislation in 

Europe, such as the Convention on Biological Diversity (CBD) which was adopted during the 

Rio de Janeiro Earth Summit (CBD, 1992), and the Marine Strategy Framework Directive, 

MSDF (MSDF, 2008). The CDB requests signatories to apply the ecosystem approach to the 

management of land, water and living resources according to a set of 12 principals that 

recognize the links and feedbacks between ecosystem services and society at various spatial 

and temporal scales, and across multiple trophic levels (CBD, 1992). The MSFD aims to 

achieve “Good Environmental Status in Europe’s seas by 2020”, which involves protecting 

the marine environment while using marine resources sustainably. The MSFD sets out 11 

descriptors of “Good Environmental Status” which cover aspects of the marine ecosystem 

and the main human pressures on them, for which descriptors 1 and 4 are central to this 

thesis. The two MSFD descriptors are outlined as follows;  descriptor 1): “Biological diversity 

is maintained. The quality and occurrence of habitats and the distribution and abundance of 

species are in line with prevailing physiographic, geographic and climatic conditions”, and 

descriptor 4); “All elements of the marine food webs, to the extent that they are known, 

occur at normal abundance and diversity and levels capable of ensuring the long-term 

abundance of the species and the retention of their full reproductive capacity”.  

 

1. 4. 1 Ecological modelling 

 

The focus on ecosystem-based management has necessitated the need for 

ecosystem models, which facilitate in answering ‘what if’ questions regarding the multi-

trophic impacts of resource harvesting (Pauly et al., 2000, Purves et al., 2013). Ecological 

models are useful in several regards. They allow scientists to visualize the links between 

trophic levels, from primary producers and detritus to top predators, and  facilitate the 

comprehension of complex interactions between fauna living within an ecosystem 

(Christensen et al., 2008). Quantifying the dietary connections between fauna, and the flow 

of energy (or biomass) between them, provides valuable information on the resilience of 

food webs to perturbations (Levin and Lubchenco, 2008, Ulanowicz, 1986). Ecosystem 

models also facilitate the identification of habitats or species that are critical for the 

continued existence of other species within the ecosystem (Pikitch et al., 2004), and need to 

be protected to maintain ecosystem functioning. As such, models can be used to predict 
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how changes to one component within the ecosystem, as a result of natural or 

anthropogenic activities, may affect multiple species and trophic levels (e.g. Scharler and 

Baird, 2005) . For example, ecological models can be used to assess how harvesting wrack 

will affect higher trophic level fauna such as birds. Incorporation of socio-economic variables 

within ecological models, such as the value of a fishery, may also be used to assess how 

resource extraction affects ecosystem goods and services provided (Leslie et al., 2009).  

 

The ecological modelling approach is thus a valuable way to explore ecosystem 

related questions in marine science. However, it has been under-utilized in sandy beach 

ecology despite its broad application in other coastal ecosystems ranging from estuaries to 

the deep sea (e.g. See Heymans et al. (2012) and references therein). Much of the sandy 

beach research conducted over the last 30 years has focused on physical and biological 

factors that affect species richness and abundance (see review by Defeo and McLachlan 

2005). There have been comparatively few studies on the complexity of beach ecosystems 

and how they may differ as a function of food availability (Lercari et al., 2010, Brown and 

McLachlan, 1990). Thirty years ago, Griffiths et al. (1983) published the first detailed food 

web model describing the biomasses and flows of energy (kJ.m
-1

year
-1

)  through a beach in 

South Africa with a high input of wrack. Since then only two comprehensive models of sandy 

beach ecosystems have been published (Lercari et al., 2010, Heymans and McLachlan, 1996), 

although there have been several simplified descriptions of food webs in the literature 

(Brown and McLachlan, 1990). Therefore, ecosystem models should be used more actively in 

sandy beach ecology because they are a powerful tool for addressing questions related to 

the theoretical ecology and management of coastal resources. 

 

1. 5 Using observational studies to answer ecological questions  

 

Ecological hypotheses can be tested by using observational field studies, 

manipulative in situ experiments, or controlled laboratory experiments. The observational 

approach and ‘natural experiments’ have resurged in ecology after more than 40 years of 

research being dominated manipulative experiments. In a natural experiments data are 

gathered across environmental gradients that were not purposefully manipulated, and the 

approach is generally used to examine ecological processes (Sagarin and Pauchard, 2009). 
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One of the downfalls of natural experiments is that the results are inherently confounded by 

a number of other environmental variables that could not be controlled for in the field 

(Raffaelli and Friedlander, 2012, Raffaelli and Moller, 1999), and may weaken the 

conclusions. However, observational studies can be a powerful tool for demonstrating 

changes in biodiversity and ecosystem processes provided the observed effect is large and 

outwith natural variation (MacNeil, 2008). For example Paine (Paine, 1966) convincingly 

demonstrated the effect of removing predatory starfish (Piaster) from the shore, without 

any experimental replication (MacNeil, 2008). Loss of starfish (a keystone top predator) led 

to the shore being dominated by mussels (Mytilus) and the secondary local extinction of 

many other species (Paine, 1966). The observed shift in biodiversity was so large that the 

effect of starfish was unquestionable (MacNeil, 2008, Raffaelli and Friedlander, 2012). 

Natural experiments have also been used to credibly demonstrate trophic cascades and 

changes in biodiversity in other environments (Rogers et al., 2012), such as the response of 

Pacific kelp forest to changing sea otter abundances (Estes and Palmisano, 1974), and the 

enhanced secondary production on islands (measured by spider abundance) resulting from 

the input of kelp detritus (Polis and Hurd, 1995).    

 

This re-emergence of observational studies is largely to address mounting landscape-

level ecological changes resulting from anthropogenic disturbances  (Rogers et al., 2012), 

which cannot be holistically assessed with small-scale laboratory or manipulative 

experiments (Raffaelli, 2006). Both manipulative and observational methods have their 

strengths and weaknesses, depending on the purpose of the research. Manipulative 

experiments are a powerful tool for understanding fine-scale ecological mechanisms, 

whereas the findings of natural experiments are most useful for management purposes 

which need to understand complex ecosystem interactions (Sagarin and Pauchard, 2009, 

Rogers et al., 2012). The results of experimental manipulations tend to be more persuasive 

than field-based observations because they have more replication, and a greater degree of 

statistical power and rigor (Raffaelli, 2006), and can control for confounding explanatory 

variables. However, manipulative experiments represent an oversimplification of nature and 

the results are difficult to extrapolate to the real environment, in which a variety of other 

drivers may act either positively or negatively to alter the tested affect (Rogers et al., 2012, 

Hawkins, 2004). Manipulative experiments also have restricted spatial and temporal scales, 
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making it difficult to assess the full demographic response of fauna to changes in food 

resources, or physico-chemical conditions over long periods (Rogers et al., 2012). On the 

other hand, the results of field-based studies or ‘natural experiments’ may be more difficult 

to interpret because many confounding variables influence the results. However, they 

provide a better representation of the complex interactions between the environment and 

biota (Raffaelli, 2006). Observational studies and natural experiments, together with 

ecological modelling, were the main methods employed in the research presented in this 

thesis.  

 

1. 6 Introduction of study area  

 

The study areas for this research were the Uist Islands (Eriskay, South Uist, 

Benbecula, North Uist and Berneray), situated on the west coast of Scotland (Figure 1. 1). 

These are part of a group of islands known as the Outer Hebrides. The Uists were selected 

because they have some of the largest beach-cast kelp resources in Scotland (SSRA, 1947b, 

SSRA, 1947a).  

 

Sandy beaches extend along the majority of the western coastline of the Uists, which 

is exposed to the predominantly south-westerly swells and winds, and includes some of the 

most exposed coast in Britain (Norton and Powell, 1979).  However, the beaches are 

considered to be low-energy due to the protection offered by shallow nearshore rocky reefs 

that run parallel to the coast (Norton and Powell, 1979). The ‘nearshore’ environment 

extends between the shoreline and the beginning of the offshore environment. Kelp beds 

populating the shallow parts of these reefs attenuate wave energy (Mollison, 1983, 

Chapman, 1948), and the protection of sandy beaches from erosion (Love, 2003). Wave 

power losses of 54% have been recorded between depths of 100 m and 15 m, with the 

greatest losses in energy experienced between 23 m and 15 m depth where kelp beds are 

abundant (Mollison, 1983). Therefore, with the exception of large storms, there is little wave 

action inshore of the Uists (Wolf and Woolf, 2005), and most beaches lack a distinct surf-

zone. The ‘inshore zone’ extends from the shoreline at low water to the back-line of 

breaking waves. 
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Figure 1. 1: Map showing location of study area, the Uists situated on the west coast of 

Scotland. The islands which make up the Outer Hebrides are shown in grey.  

 

These subtidal reefs also supply the beaches with detached kelp (wrack also known 

as ‘tangle’ locally), which is a potential resource of organic matter for the biofuel industry 

(Roberts and Upham, 2012, Bruton et al., 2009). Off the coast of the Uists, Laminaria 

hyperborea (formerly known as Laminaria cloustoni) is the dominant kelp species in terms of 

biomass (Chapman, 1948). This species constitutes the majority of beach-cast material 

(SSRA, 1947b). Other kelp species which are common on the coast but occur in lower 

biomasses include Laminaria digitata, Saccharina latissima (formerly Laminaria saccharina) 

and Saccorhiza polyschides (Chapman, 1948).  

 

Sea surface temperatures range from an average of 7
o
C (February) to 13

o
C (August), 

and the tidal range is 3 to 4 meters (Norton and Powell, 1979). The beaches are either 
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backed by dunes varying in height from approximately 2 to 15 meters, or shingle ridges 

(typically less than 2 metres high). On their landward side, all beaches are adjacent to 

extensive low-lying plains, known as ‘machair‘, which in some locations have been subjected 

to local cultivation and agriculture called ‘crofting’. The sand on beaches, dunes and machair 

have a high concentration of calcium carbonate (CaCO3), sometimes reaching 80% (Kneale 

and Viles, 2000). The source of this sand is thought to be from glacial deposits and shell 

debris (Kneale and Viles, 2000).  Crofters have used beach-cast kelp to fertilize the sandy 

soils of their farms for centuries (Norton and Powell, 1979). This practice still continues on a 

small scale, and kelp is harvested from several beaches over 2 to 3 months in winter. 

Unfortunately no data are available on the biomass of beach-cast kelp harvested by crofters, 

but in 2012 kelp was spread across approximately 90 hectares of machair (Machair.LIFE, 

2013), and the amount extracted is minimal relative to the biomass available on the beaches 

(Pers. Obs.). 

 

1. 6. 1 Beach-cast kelp resources available in Scotland 

 

Kelp forests are found on temperate coastlines worldwide, and are a prominent 

feature of the Scottish coast (Walker, 1954). A large percentage of this subtidal kelp canopy 

is detached during winter storms when rough seas and big swell physically break whole kelp 

(including the stipe) from the rocks. Later in spring some of the old remaining fronds of 

Laminaria hyperborea are naturally shed as part of the kelp’s life cycle (SSRA, 1947b, Walker 

and Richardson, 1955). Kelp detritus (organic matter originating from kelp) is also generated 

through the constant erosion of the kelp blades (Krumhansl and Scheibling, 2011, Krumhansl 

and Scheibling, 2012). For a kelp forest on the south-west coast of Scotland (Ayrshire), 

subtidal kelp canopy biomass losses of 34% in ‘early winter’ (October-November) and 26% in 

late spring (May) have been reported (Walker and Richardson, 1955).  High values of kelp 

canopy loss (71 - 39%) have also been recorded after hurricanes in Nova Scotia (Filbee-

Dexter and Scheibling 2012). Peaks in beach-cast kelp deposition are thus characteristic of 

winter, (SSRA, 1947b, Walker and Richardson, 1955), while smaller deposits occur on 

beaches over spring and summer (Tyler-Walters, 2007, SSRA, 1947b). 
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A general estimate of the biomass of beach-cast kelp in the Uists (and greater 

Scotland) can be obtained by quantifying the biomass of living kelp on the adjacent shallow 

subtidal reefs, and then estimating how much is detached annually. The best estimate of 

living subtidal kelp biomass available in the water surrounding the Uists comes from 

Chapman (1948), who estimated approximately 6.7 x 10
5
 tons of kelp (Laminariaceae). 

Walker (1954) later estimated the total biomass of subtidal kelp growing in all the waters of 

the Outer Hebrides to be 7.0 x 10
5
 tons. This represents 7% of the total 10 million tons of 

living kelp resources (fresh weight) for Scotland (Walker, 1954). Unfortunately there have 

been no more recent estimates of subtidal kelp biomass.  

 

Chapman (1948) estimated that one quarter of the subtidal kelp canopy biomass in 

the waters of the Uists would be detached in the winter storms (1.4 x 10
5
 tons) and another 

quarter of the remaining kelp canopy shed in spring (1.3 x 10
5
 tons). This would give a 

combined biomass of 2.7 x 10
5
 tons lost from the kelp forest canopy off the Uists (Chapman, 

1948), some of which may accumulate on beaches.  If other kelp forests in Scotland 

experiences losses of this magnitude then several million tons of kelp would be detached 

annually, resulting in a large resources of beach-cast material. However, the quantity of kelp 

washed onto beaches depends largely on the wind direction, as well as local hydrographic 

conditions (Chapman, 1948), which vary in time and space.  Therefore some detached kelp 

would not be deposited on beaches, but would circulate in the nearshore and offshore 

environments, or sink to the seabed.   

 

The only field-based measurements for the biomass of beach-cast kelp on the west 

coast of Scotland are also from the 1940s, and are very site-specific. The Scottish Seaweed 

Research Association attempted to quantify the seaweed biomass washed onto island 

beaches (on Tiree, Barra, North Uist, Lewis, Sanday and Orkney) over a one year period 

between 1945 - 46 (SSRA, 1947b) and again during the winter of 1946 - 47 (SSRA, 1947a). 

The maximum biomass of wrack washed onto beaches of North Uist (one of the study areas 

in this thesis) at any one time ranged between 1.0 x 10
2
 to 4.0 x 10

3
 tons (1945 - 46 survey); 

with a total wrack biomass of 1.5 x 10
4
 tons between 1945 and 1946, and 3.7 x 10

4
 tons 

between 1946 and 1947. These high biomasses make beach-cast kelp an attractive option 

for the production of biofuel by anaerobic digestion (AD). However, seasonal variability and 
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unpredictable climatic conditions which drive wrack deposition would be problematic in AD, 

which requires a constant supply of organic matter to produce biogas (Kelly and Dworjanyn, 

2008).  

 

1. 7 Introduction to ecology of beaches  

 

1. 7. 1 The physical beach environment 

 

Sandy beaches are dynamic environments in which the composition and abundance 

of fauna is controlled by the physical characteristics of the beach (Schlacher et al., 2008). 

Non-independent physical factors that influence faunal community composition include 

sand grain size, beach angle, beach width, wave action and tidal conditions (Brown and 

McLachlan, 1990, Lercari et al., 2010, Bergamino et al., 2011, Defeo and McLachlan, 2005). 

Wave energy plays a large role in structuring the beach and influencing resident fauna. 

Waves running up coarse grained beaches push the sand-particles/pebbles up the beach, 

with few sand-particles/pebbles being suspended in the swash (Brown and McLachlan, 

1990). The swash and wave energy then rapidly drains away into the porous surface and 

there are fewer sand-particles/pebbles transported back down the beach by backwash. As a 

result, coarse grained beaches have steep slopes (Brown and McLachlan, 1990). By contrast, 

beaches with fine grained sand are less permeable, become waterlogged rapidly, and have 

more sand-particles suspended in the swash. Each wave that transports sand up the beach is 

followed by a full backwash that removes suspended sand-particles, resulting in flatter 

beaches (Brown and McLachlan, 1990). If sand grain size is kept constant, greater wave 

energy results in flatter beaches. Storms also tend to remove sand from beaches, and calm 

periods result in accretion of sand (Brown and McLachlan, 1990).    

 

The interactions between waves and grain size produce beaches with varying 

morphodynamics from reflective beaches which are relatively narrow, with steep slopes and 

coarse grained sand, to dissipative beaches which are relatively wide and flat with fine sand 

(Defeo and McLachlan, 2005). Dissipative beaches characteristically have more wave activity 

and wider surf-zones, whereas reflective beaches have narrow or no surf-zones (Defeo and 

McLachlan, 2005, Bergamino et al., 2011). The biomass, diversity and abundance of the 
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resident fauna typically increase from reflective to dissipative beach types because of 

physical factors and increasing availability of food resources, as explained below (Defeo and 

McLachlan, 2005, Brown and McLachlan, 1990). However, recent research indicates that the 

response of macrofauna biomass to beach slope, grain size and exposure can be complex 

and non-linear (Yamanaka et al., In press). For example, on estuarine beaches on the east 

coast of Scotland Yamanaka et al. (In press) found that macrofauna abundance and biomass 

tended to decline with increasing beach slope, grain size and exposure rating, but that the 

relationship switched at intermediate levels of exposure. 

 

Beaches are thus characterized by fluctuating and harsh physical conditions, with 

bare substrate that provides limited habitat complexity and shelter for macroinvertebrates 

and fish when compared to reefs and kelp forest (for example) (Robertson and Lenanton, 

1984, Brown and McLachlan, 1990). Sandy beach fauna must cope with extreme 

temperatures, desiccation, strong water currents and mobile sediments (Brown and 

McLachlan, 1990). Large accumulations of beach-cast wrack in the intertidal and supralittoral 

zones benefit fauna because they maintain relatively stable micro-climatic conditions, and 

therefore shelter macroinvertebrates from extreme temperatures and protect them from 

desiccation when the tide recedes (Koch, 1989, Colombini et al., 2000). Accumulations of 

macroalgae may also increase the survival rate of fauna by offering refuge from predators 

(Shaffer et al., 1995, Vandendriessche et al., 2007, Robertson and Lenanton, 1984, Inglis, 

1989). Fauna may also be attracted to drifting macroalgae in the surf/swash zone because it 

partially protects them from rapidly moving water by reducing local current velocities 

(Wilding, 2006, Gregg and Rose, 1982). As such, the refuge and enhanced habitat structure 

provided mounds of wrack stranded on the beach (Ince et al., 2007, Colombini et al., 2000, 

Olabarria et al., 2007), and by drifting macroalgal wrack in the water (Lenanton et al., 1982, 

Vandendriessche et al., 2007, Shaffer et al., 1995), can be equally important as its trophic 

role to fauna (Colombini et al., 2009). 

 

1. 7. 2 Food web structure on beaches which accumulate wrack 

 

Primary food sources on beaches include benthic microalgae (diatoms, 

dinoflagellates and cyanobacteria) inhabiting the sediments, phytoplankton (mainly diatoms) 
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suspended in the water, and detritus and allochthonous material such as macroalgal wrack 

and carrion (Brown and McLachlan, 1990). These energy sources are grazed upon by: 1) 

macroinvertebrates; 2) interstitial fauna (meiofauna) in the sediment, and; 3) the microbial 

loop (Lercari et al., 2010, Heymans and McLachlan, 1996). Beaches characteristically have 

little in situ primary production (Colombini and Chelazzi, 2003, Dugan et al., 2003) relative to 

(for example) rocky shores or shallow subtidal reefs. This can be attributed to the highly 

mobile sands, rendering them unsuitable for the attachment of macroalgae or development 

of dense benthic diatom communities (Brown and McLachlan, 1990). This said, surf-zone 

diatoms may be abundant on long, exposed, dissipative beaches, with broad surf-zones and 

regular wave action, which facilitates the rapid division of microalgal cells (Lercari et al., 

2010, Brown and McLachlan, 1990). Conversely, surf-zone diatoms have low concentrations 

on reflective beaches in which there is little wave action (Lercari et al., 2010, Brown and 

McLachlan, 1990). The greater primary production on dissipative beaches is associated with 

enhanced biomasses and abundances of fauna on these beach types. Whereas, on beaches 

that have limited primary production, macroinvertebrate communities are supported almost 

entirely by the input of allochthonous material, such as wrack (Dugan et al., 2003, Colombini 

and Chelazzi, 2003, Lenanton et al., 1982).  

 

Macroalgal wrack and associated particulate organic matter play a central role in 

sandy beach food webs, and are a key food source for primary consumers on coastlines with 

kelp forests, as illustrated in Figure 1. 2 (Duggins et al., 1989, Dugan et al., 2003, Griffiths et 

al., 1983). Macroalgal wrack accumulates both in the intertidal and supralittoral zones of the 

beach, and drifts in the adjacent inshore/surf-zone, where it is fragmented to finer 

particulate matter (Figure 1. 2). Supralittoral scavengers and detritivores (e.g. talitrid 

amphipods and Diptera larvae) consume the beach-cast wrack, and are preyed on by 

carnivorous macroinvertebrates such as beetles and spiders (Colombini and Chelazzi, 2003). 

Drifting wrack fragments into finer particles and is consumed by suspension feeders (e.g. 

mysids and bivalves) and deposit feeders (e.g. polychaetes and benthic amphipods) in the 

inshore beach environment (Kirkman and Kendrick, 1997, Colombini and Chelazzi, 2003). 

These inshore fauna are consumed by fish and predatory crustaceans such as shrimp 
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(Colombini and Chelazzi, 2003, Crawley et al., 2009). Shorebirds
1
 are the top predators on 

beaches, and feed on a variety of fauna in the supralittoral, intertidal and inshore 

environments (Dugan et al., 2003). Wrack not consumed by macroinvertebrates may flow 

through microbial and interstitial (meiofauna) pathways (Koop and Griffiths, 1982), or be 

exported off the beach (e.g. to the rocky shore, nearshore, pelagic and deep sea) where it is 

utilized by other food webs (Griffiths et al., 1983).  

 

Figure 1. 2: Flow diagram illustrating the possible pathways for the flows of biomass, 

carbon, and energy from detached macroalgal wrack that is washed into the sandy beach 

ecosystem. Note: the microbial loop and meiofauna are not included. 

                                                        
1
 Shorebirds include birds with any activity, such as feeding, nesting or resting within coastal habitats. It 

includes waders (Scolopacidae), wildfowl (Anatidae), gulls (Laridae), terns (Sterninae) and other aquatic birds 

that use the shore (Mendonca et al., 2007).  
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The microbial loop is a trophic pathway in which dissolved organic matter exuded 

from detritus (including wrack) and plants is utilized by bacteria, which are consumed by 

protozoa (Azam et al., 1983, Fenchel, 2008). The protozoa are then consumed by 

zooplankton and interstitial meiofauna such as nematodes and small oligochaetes 

(McLachlan, 1985, Giere, 1975, Heymans and McLachlan, 1996), which enter the 

macroscopic food web when they are consumed by macroinvertebrates (Fenchel, 2008).  

Interstitial fauna also utilize the leachates and dissolved organic matter which drains directly 

into the sand from wrack (McLachlan, 1985). Microbial fauna are often considered the most 

important consumers of carbon on beaches (Heymans and McLachlan, 1996), and are 

responsible for the breakdown and remineralisation of large quantities of wrack (Koop et al., 

1982, Koop and Lucas, 1983). For example, in South Africa it was found that up to 30% of 

beach-cast kelp not consumed by macroinvertebrates was available to bacteria and either 

entered the beach sediments as dissolved and particulate matter or was washed back out to 

sea (Griffiths et al., 1983). The trophic connections between the microbial loop, meiofauna 

and macroinvertebrates are poorly understood, and these three groups are rarely coupled in 

food webs. In addition, interstitial fauna and the microbial loop on beaches are often 

considered to be discrete food webs which are only partially connected to the macrofaunal 

food web (Heymans and McLachlan, 1996).  

 

Therefore, the presence of macroalgal wrack enhances the secondary production in 

coastal ecosystems through the provision of both food and shelter (Duggins et al., 1989, 

Dugan et al., 2003, Polis and Hurd, 1996), and affect multiple trophic levels and food webs 

(Colombini and Chelazzi, 2003, Dugan et al., 2003). In most instances beaches which 

accumulate wrack support higher biomasses, abundances and diversity of fauna than those 

that do not (Colombini and Chelazzi, 2003, Ince et al., 2007, Dugan et al., 2003).  Exceptions 

to this are extreme wrack accumulations (e.g. as a result of eutrophication) where mats of 

decaying macroalgae can lead to hypoxic conditions in the underlying sediments, which are 

toxic to all fauna except a few specialist species (Malm et al., 2004).  
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1. 7.2.1.  Importance of macroalgal wrack to higher trophic level fauna 

 

The fauna associated with wrack represent a valuable food source for shorebirds, 

especially during the migrating and over-wintering periods (Dugan et al., 2003, Dierschke, 

1998). As such, shorebird densities have shown positive correlations to wrack cover on 

beaches of Namibia (Tarr and Tarr, 1987), Baja California (Lopez-Uriarte et al., 1997) and 

southern California (Dugan et al., 2003). Kelp fly larvae, which are heavily preyed upon by 

shorebirds (Dierschke, 1998, Prys-Jones et al., 1992a, Summers et al., 1990), have a higher 

calorific value and occur in greater densities than other coastal shorebird prey, such as the 

littorinids eaten at low tide on the rocky shore (Summers et al., 1990). Wrack thus provides 

an ideal foraging habitat for birds, especially those on migration, because they can combine 

relatively short migratory stop-overs with rapid weight gain (Dierschke, 1998).  

 

Sandy beaches worldwide are utilized as nursery grounds for juvenile fish (Gibson 

and Yoshiyama, 1999, Brown and McLachlan, 1990), and the detrital pathway 

(e.g. macroalgal detritus→amphipods→fish) may be important in meeting their dietary 

requirements (Robertson and Lenanton, 1984, Crawley et al., 2006, Lenanton et al., 1982). 

Drifting macroalgae also provides fish with shelter from predators such as larger fish and 

birds (Robertson and Lenanton, 1984, Lenanton et al., 1982, Crawley et al., 2006). This is 

true of western Australian beaches where the abundance of juvenile fish in the surf-zone 

was positively related to the volume of drifting macroalgae (Robertson and Lenanton, 1984, 

Crawley et al., 2006), and abundances of fish were 2 - 10 times greater on a beach with 

(versus without) drifting macroalgae (Robertson and Lenanton, 1984). Fish fed 

predominantly on amphipods and isopods that were associated with the drifting macroalgae 

(Crawley et al., 2009, Robertson and Lenanton, 1984). Beaches on the west coast of Scotland 

are used as nursery grounds by a number of commercially important benthic fish species, 

such as European plaice Pleuronectes platessa and dab Limanda limanda  (Gibson et al., 

1993). Therefore, the greater abundances of prey and enhanced habitat complexity provided 

drifting macroalgae may increase the survival of juvenile fish in nursery areas, which would 

be a valuable ecosystem service to fisheries.   
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1. 8 Linking ecosystems with macroalgal detritus 

 

The fate of wrack and associated particulate organic carbon is widespread, and it 

provides food subsidies to marine fauna remote from the original kelp forests (Filbee-Dexter 

and Scheibling 2012, Vetter, 1998, Bustamante and Branch, 1996, Kaehler et al., 2006). Aside 

from wrack which is deposited on beaches, much of the organic matter lost by kelp 

circulates in the nearshore and inshore environment (Lenanton et al., 1982, Crawley et al., 

2006), or is transported offshore (Filbee-Dexter and Scheibling 2012, Vetter, 1998). This 

detrital subsidy may fuel nearshore food webs and enhances secondary production of fauna 

in waters adjacent to kelp forests (Field et al., 1977, Duggins et al., 1989). Examples of 

macroalgal detritus enhancing secondary production exist for the coastal waters of Alaska 

(Duggins et al., 1989), South Africa (Field et al., 1977, Bustamante and Branch, 1996), 

western Australia (Lavery et al., 1999, Lenanton et al., 1982, Crawley et al., 2009), the Arctic  

(Dunton and Schell, 1987), the deep-sea canyons in California (Vetter, 1998), the pelagic 

waters surrounding the sub-Antarctic Prince Edward Islands (Kaehler et al., 2006), and the 

subtidal waters of Scotland (Bedford and Moore, 1984).  

 

The macroalgal detritus suspended in the water column may be the main dietary 

carbon source to suspension and deposit feeders when phytoplankton concentrations are 

relatively low (Duggins et al., 1989, Bustamante and Branch, 1996, Mann, 1988). The 

organisms reported to feed on (and in some cases depend on) macroalgal detritus are 

taxonomically and ecologically diverse and include; suspension feeding barnacles and 

mussels in the rocky intertidal (Duggins et al., 1989, Field et al., 1977, Bustamante and 

Branch, 1996), amphipods and isopods in beach surf-zones (Crawley and Hyndes, 2007, 

Crawley et al., 2009, Hyndes and Lavery, 2005, Colombini and Chelazzi, 2003) and 

amphipods in deep sea submarine canyons (Vetter, 1998). Many of these fauna (especially 

mobile crustaceans) are preyed upon by fish and birds and provide an important link in the 

flow of energy and nutrients from kelp to higher trophic levels (Crawley et al., 2009, Vetter, 

1998, Duggins et al., 1989, Mann, 1988, Robertson and Lenanton, 1984, Lenanton et al., 

1982). As such, detritus derived from kelp is important in linking subtidal to intertidal and 

pelagic food webs (Dunton and Schell, 1987, Bustamante and Branch, 1996, Krumhansl and 

Scheibling, 2012).  
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The benefits of wrack subsidies also extend to terrestrial environments where it has 

been shown to enhance the secondary production, especially in arid areas with nutrient 

poor soils (Polis and Hurd, 1996, Mellbrand et al., 2011, Catenazzi and Donnelly, 2007, Spiller 

et al., 2010). For example, in the Gulf of California, allochthonous marine input, rather than 

terrestrial productivity, provides relatively more energy and food biomass to terrestrial 

fauna (Polis and Hurd, 1996). Wrack subsidies are utilized by a diversity of terrestrial 

consumers such as spiders and scorpions, which are then preyed upon by lizards, birds, 

rodents and some mammals (Polis and Hurd, 1995, Polis and Hurd, 1996, Spiller et al., 2010). 

Stable isotope studies also indicate that mobile terrestrial fauna, such as arthropods and 

Dipterans, act as vectors for the inland transportation of marine carbon that originates from 

wrack deposits (Mellbrand et al., 2011, Mellbrand and Hambäck, 2011). Polis and Hurd 

(1995) hypothesized that the energy input from the sea (in the form of macroalgal wrack) 

influences the abundance of terrestrial consumers in other areas of the world that are 

characterized by a low terrestrial productivity. Addressing this hypothesis is beyond the 

scope of this study, but warrants further investigation, and highlights the role of kelp in 

connecting multiple ecosystems. 

 

Beaches also act as important centres for the processing of organic matter and 

exchange of nutrients with adjacent ecosystems (Dugan et al., 2011). The fragmentation and 

decomposition of macroalgal wrack is facilitated by detritivores, as well as wave and tidal 

action (Koop and Griffiths, 1982, Cullen et al., 1987, Robertson and Mann, 1980, Harrison, 

1977). Dissolved and particulate organic matter then infiltrate the beach sediments, and 

nutrient remineralisation is facilitated by microbes and meiofauna (Koop and Griffiths, 

1982). The mineralized components (e.g. inorganic nitrogen) either percolate through the 

sediments and are transported to the nearshore environment, are retained on the beach, or 

lost to the atmosphere (Kirkman and Kendrick, 1997, Brown and McLachlan, 1990). As such, 

the concentrations of dissolved inorganic nitrogen in surf-zone waters have shown positive 

correlations with wrack biomass on beaches of western Australia (Kirkman and Kendrick, 

1997) and California (Dugan et al., 2011). In south-eastern Scotland drift seaweed deposited 

in a sheltered bay was also shown to release high concentrations of inorganic nutrients into 

adjacent pools, with phosphate concentrations reaching 6000 µg.ℓ
–1

 PO4
–
 (Yelloly and 
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Whitton, 1996). This decomposition and remineralisation of beach-cast wrack may provide a 

vital source of recycled nutrients for the growth of primary producers, such as 

phytoplankton and macroalgae, in marine environments (Dugan et al., 2011, Kirkman and 

Kendrick, 1997). 

 

1. 9 Threats associated with harvesting wrack 

 

As outlined above, macroalgal wrack is important in coastal and terrestrial 

ecosystems, and facilitates the flow of energy between the sea and land. Few studies have 

focused on the disturbances associated with harvesting wrack, but there is a growing 

interest on the impacts it may have to ecosystems (Kirkman and Kendrick, 1997, Dugan et 

al., 2003).  Wrack is harvested in many countries, either as a commercial resource (Kirkman 

and Kendrick, 1997), or to clean beaches that are used for recreation (Dugan and Hubbard, 

2010, Gilburn, 2012). Commercial uses of wrack include production of alginates (used as a 

food additive), fertilizers, livestock and mariculture feeds, cosmetic and pharmaceutical 

products (Colombini and Chelazzi, 2003). There is a long history of harvesting beach-cast 

kelp in Scotland, dating back to 1694 (Gray, 1951), to produce alkaline ash and later for 

alginates (Gray, 1951). However, the kelp industry in Scotland collapsed in the 1970-80’s due 

to competition in the global market. During this time there were no studies conducted on 

the impacts of harvesting to the ecology of the beaches.  However, several studies 

(described below) have been carried out globally to evaluate the impacts of mechanically 

removing wrack as part of beach cleaning (also known as beach grooming). The results of 

these studies could be used as a proxy to assess the possible impacts of harvesting wrack for 

biofuel.   

 

In Swansea Bay (UK), Llewellyn and Schackley (1996) compared four mechanically 

cleaned beaches to a control site with no harvesting. The study found that mechanically 

removing wrack had negative effects on abundance and diversity of macroinvertebrates. In 

Scotland, Gilburn (2012) assessed the diversity of macroinvertebrate taxa for 60 beaches, 24 

of which were groomed. On average the groomed beaches had four times fewer taxa than 

the un-groomed beaches, indicating that removal of wrack has deleterious effects on 

macroinvertebrate diversity. Davidson et al. (1991) and Kirby (1992) also raised these 
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concerns, stating that removal of wrack (in the UK) would have a damaging effect on 

macroinvertebrates  which use the debris for shelter (e.g. isopods and ground beetles), and 

may also affect the stability of the dunes.  

 

Further afield, the impacts of beach cleaning have been assessed in California (Dugan 

and Hubbard, 2010, Dugan et al., 2003, Dugan et al., 2011), Malta (Deidun et al., 2009), 

western Australia  (Lavery et al., 1999, McLachlan, 1985, Ince et al., 2007, Kirkman and 

Kendrick, 1997) and Sweden (Malm et al., 2004). These studies found that beach cleaning 

affects multiple trophic levels. In confirmation with the UK studies, removal of wrack was 

associated with depleted abundances and species richness of macroinvertebrates. It was 

also linked to a decline in top predators such as shorebirds (Dugan et al., 2003) and fish 

(Lavery et al., 1999), which prey on macroinvertebrates within the wrack. In addition, the 

reduction in fish density was ascribed to a loss of shelter from predators (Lavery et al., 

1999). Cleaned beaches also had a lower proportion of organic matter, bacteria and 

meiofauna in the sediments (McLachlan, 1985, Gheskiere et al., 2006, Malm et al., 2004).  

The removal of wrack was associated with a significant decline in the amount of nutrients 

leached into sediment pore water and the adjacent water column (Malm et al., 2004, Dugan 

et al., 2011).  Furthermore, beach grooming was shown to reduce the survival and 

reproduction rates of dune plants which are essential in stabilising beach sands (Dugan and 

Hubbard, 2010). Removal of wrack thereby hinders the natural process of dune formation 

and can enhance erosion risks (Dugan and Hubbard, 2010). Beaches that are regularly 

cleared of wrack for commercial or beach cleaning purposes may develop faunal 

assemblages similar to beaches (with similar physical characteristics) which do not 

accumulate wrack (Lavery et al., 1999). As such, beaches which are naturally devoid of wrack 

may be used as analogues for the impacts of anthropogenic wrack removal.  

 

The time taken for fauna to recover to pre-harvest densities depends on the life 

history traits of the impacted fauna and the duration of harvesting (Dugan et al., 2009). On 

an estuarine beach in western Australia, macroinvertebrate and fish assemblages returned 

to pre-harvest densities two months after the once-off experimental removal of wrack 

(Lavery et al., 1999). Dugan et al. (2009) found that after several years of reduced wrack 

input, wrack-consuming macroinvertebrates with rapid turnover rates recovered to original 



Chapter 1: General introduction 

 

22 

 

abundances several months after wrack resources replenished, but top predators and fauna 

with longer life cycles took several years to recover. 

 

In summary, the literature highlights that the main ecological concerns related to the 

harvesting of beach wrack include: 1) reduction in the abundance and diversity of 

macroinvertebrates; 2) disturbance and decline in populations of shorebirds; 3) the long-

term effect of reduced nutrient input to the nearshore environment; 4) reduced production 

of commercial fauna (such as fish) that depend on the shelter and prey species provided by 

wrack; and 5) destabilization of dune environments.  

 

1. 10 Priority areas for research 

 

There is little knowledge on the ecology of beaches which accumulate wrack in the 

United Kingdom, with only one recent publication in the last 30 years (Gilburn, 2012). 

Studies in the UK have largely focused on the biology of a single taxon utilizing wrack, such 

as Dipterans (Dobson, 1974) or talitrid amphipods (Moore and Francis, 1985), with no 

attempts to study the larger role wrack plays in coastal food webs. These studies are of 

limited use in predicting the ecosystem impacts of removing wrack because they do not 

quantify the cascading impacts to multiple trophic groups. Given the abundant supply of 

wrack in Scotland, and evidence from the wider literature on its ecological importance, this 

knowledge gap should be urgently addressed; and only then can wrack resource be managed 

effectively.   

 

Although there are multiple studies which highlight the ecological consequences of 

wrack removal (see above), they are not useful for testing different management scenarios. 

There have been no attempts to predict the multi-trophic impacts of removing wrack over a 

wide range of harvesting intensities, or determine how fauna responds to long term (> 5 

year) decline in wrack resources. There have also been few attempts to predict the time 

needed for fauna to recover to a temporary decline in wrack biomass (Dugan et al., 2009, 

Revell et al., 2011). The lack of predictive studies is largely because sandy beach research has 

been driven by field observations, with little attention given to ecological modelling.   
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Schlacher et al. (2008) identified four priority areas which require more attention in 

research to improve the management of sandy beach ecosystems: 1) predicting the 

response and recovery times of beach communities to disturbances (improving predictive 

capabilities); 2) identifying ecological responses to impacts on varying scales; 3) linkages and 

connectivity between trophic levels (especially higher trophic levels e.g. birds) and 

ecosystem-wide processes (e.g. productivity, energy fluxes between ecosystems); and 4) 

management information needs, such as structuring conservation objectives and goals for 

beaches (Schlacher et al., 2008). All four of these priorities will be addressed in this thesis. 

  

1. 11 Thesis objectives and outline 

 

The overall objectives of this thesis were:  

 

(i) to assess the ecological role of wrack on the west coast of Scotland using 

observational field studies, and; 

(ii) use this information to build food web models to assess ecosystem 

structure, and; 

(iii) use field observations in combination with simulations from ecological 

models to predict the ecosystem effects of removing wrack.   

 

In summary, the thesis addresses: the seasonal variation in wrack and associated 

fauna on beaches of western Scotland, and the importance of wrack to shorebirds (Chapter 

2); the enrichment of intertidal benthic infauna by wrack subsidies (Chapter 3);  the 

relationship between inshore fauna and drifting macroalgal wrack (Chapter 4); the food web 

structure on beaches with contrasting quantities of wrack, the productivity of beaches which 

accumulate wrack and the role of wrack in enhancing the resilience of beach ecosystems 

(Chapter 5), and finally; the predicted multi-trophic impacts of harvesting wrack (Chapter 6). 

The paucity of information regarding the ecology of wrack in the UK, together with the 

mounting commercial interest in kelp resources, makes this investigation timely.  

 

A summary for the following chapters is given below: 
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Chapter 2: The objective of this study was to investigate the temporal and spatial 

variation in wrack supply and associated macroinvertebrates, and assess shorebird 

utilization of beaches that accumulate wrack. This field study was conducted over one year 

on three beaches. The data collected were necessary for building the food-web model in 

Chapter 6, which was used to predict the impacts of wrack removal. This was the most 

detailed and comprehensive study on the ecology of beaches which accumulate wrack in the 

UK to date.  

 

Chapter 3: The objective of this study was to address the hypothesis that macroalgal 

wrack enhances the abundance of benthic infauna in the intertidal zone. The abundance of 

benthic infauna was assessed in relation to the cover of macroalgal wrack and a suite of 

physical parameters on eight beaches, using a ‘natural experiment’. This study was 

important because benthic infauna play a central role in sandy beach food webs and are a 

key food resource to birds and fish. There is also a paucity of information regarding the 

relationship between benthic infauna and wrack accumulations. The results of this study 

were used to infer the possible impacts to benthic infauna if wrack were removed.  

 

Chapter 4: This study aimed to assess the relationship between drifting macroalgal 

wrack and multiple trophic levels in the inshore environment using a natural experiment. A 

field study was conducted where 11 beaches with varying physical characteristics and 

quantities of drifting macroalgal wrack were sampled. The abundance of hyperbenthic fauna 

(lower trophic level suspension feeders), macrocrustaceans and fish (more mobile higher 

trophic level fauna) were assessed in association with drifting macroalgae and the physical 

characteristics of the beach. This study was important because drifting macroalgae may 

provide a foraging habitat and shelter for fish, which feed on suspension and deposit feeders 

associated with the macroalgae, thereby enhancing the secondary production of inshore 

fauna. This is the only study to date in which the abundances of suspension and deposit 

feeding macroinvertebrates are modelled (statistically) as a function of wrack. As with 

Chapter 3, the results were used to make inferences about the impacts to inshore fauna if 

wrack were removed.  
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Chapter 5: The objective of this chapter was to build food web models for two 

beaches with contrasting quantities of wrack, using Ecopath with Ecosim 

(www.ecopath.org). The models were used to show dietary links between multiple trophic 

levels, from phytoplankton and wrack to birds and fish, and were parameterized using data 

from Chapters 2, 3 and 4. The modelling objectives were to quantify the secondary 

production and flows of energy on beaches with contrasting quantities of wrack. A second 

objective was to develop ecological theories regarding the role of wrack in enhancing the 

resilience of beach ecosystems to perturbations, such as erosion. The models were also used 

to highlight the role of beaches in processing and exchanging organic matter (wrack) with 

adjacent ecosystems.  This represents the first study in which food web models are used to 

compare the ecosystem attributes of beaches with ‘high’ and ‘low’ accumulations of wrack.  

The chapter also presents novel theories on the resilience of beach food webs to 

disturbances.  

 

Chapter 6: The main aim of this chapter was to predict the multi-trophic impacts of 

harvesting wrack at various intensities and durations. The data from Chapter 2 were used in 

Ecopath to build a simple food web model for wrack-subsidized beaches, representing the 

average biomass of fauna over one year. The model was only built for the intertidal zone and 

excluded inshore fauna. Time-dynamic simulations were then used to model harvesting 

scenarios and ask ‘what if’ questions regarding the impacts of wrack removal. Harvesting 

simulations extend from 25 to 100 years, and include removal of 10%, 20%, 30%, 40%, 50%, 

60%, 70%, 80%, 90% and 100% wrack biomass. The time taken for fauna to recover after 

harvesting ceased was predicted.  This use of predictive ecological modelling is entirely novel 

in sandy beach ecology.  

 

Chapter 7: The overall findings of the above chapters are discussed and synthesized, 

and suggestions for further research are given.  
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2 Spatio-temporal variability of macroinvertebrates 

and birds on beaches with wrack 
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2. 1 Abstract 

 

This study investigated the temporal and spatial variability in the biomass of wrack 

and associated macroinvertebrates and shorebirds, on three beaches over one year. In 

addition, the relationship between wrack cover and waders was investigated on 20 beaches 

during one week of their spring migration. There was significant (p < 0.05) seasonal and 

spatial variation in wrack biomass on the three beaches, with maximum values observed in 

winter and minimum in summer. There was also an influx of waders between autumn and 

winter, and a decline towards late spring and summer. During the wader spring migration 

(April 2010), a survey of 20 beaches with varying wrack load indicated that a 10% increase in 

wrack cover was associated with a 9.1% (95% CI: 7.3% - 11%) increase in the abundance of 

waders utilizing beaches (p < 0.001, R
2
 = 0.82). This reflects the enhanced foraging 

opportunities supplied by wrack. The biomass of benthic infauna at mean low water, and 

macroinvertebrates in wrack deposits on the upper shore, were some of the highest 

recorded for beaches to date. In spring, there was a significant 3.7-fold increase (p < 0.05) in 

the biomass of wrack macroinvertebrates (principally Diptera larvae) found in ‘aged’ wrack 

deposits situated in the dry zone above the high water line; this increase in Dipteran biomass 

coincides with the pre-migration fattening period for waders. Aside from this increase, the 

biomass of wrack macroinvertebrates remained fairly stable for the other seasons, even 

during winter when there was significant 2.1-fold decline (p < 0.05) in the biomass of benthic 

infauna found at mean low water. Wrack may provide birds with a reliable food source over 

winter when infauna biomasses decline, and abundant food in spring when their energy 

demands are highest. Large-scale removal of wrack, especially over winter and spring, is 

likely to have negative consequences for migrating and overwintering waders through loss of 

foraging habitat. The temporal and spatial variability in wrack biomass also suggest that it is 

not an ideal feedstock for biofuel production by anaerobic digestion, which would require a 

constant and reliable supply of organic matter.  



Chapter 2: Spatio-temporal variability 

  

28 

 

2. 2 Introduction 

 

To predict the ecosystem impacts of removing wrack it is necessary to provide a 

more comprehensive picture of fauna utilizing beaches which accumulate wrack. This 

information should capture the seasonal variability of wrack and associated fauna, such as 

migrating birds, which forage on beaches at varying intensities through the year. Identifying 

critical periods when invertebrate biomasses are highest, or when beaches are heavily 

utilized by birds (such as during migration), is vital for advising on the most appropriate or 

ecologically sensitive times for harvesting wrack. It is also imperative to obtain a better 

understanding of the variability in wrack biomasses because it may be problematic for the 

production of biofuel by anaerobic digestion, which requires a constant feedstock of organic 

matter (Kelly and Dworjanyn, 2008). However, there has only been one recent study that 

investigates wrack macroinvertebrates in Scotland (Gilburn, 2012), and there is only 

anecdotal information on birds which utilize wrack as a foraging habitat (Jackson, 1988, 

Summers et al., 1990, Prys-Jones et al., 1992b). There is also limited knowledge on the 

spatial and temporal variation of beach-cast wrack (SSRA, 1947a, SSRA, 1947b) and 

associated fauna in Scotland (Dobson, 1974).  

 

The deposition of wrack on beaches is seasonal and typically peaks over winter in 

relation to greater storm frequency and intensity, as explained in Chapter 1, section 1. 6. 1. 

The deposition of wrack is also a spatially dynamic process in which wrack is frequently re-

suspended from the beach, drifts in the water and is re-deposited on the same or another 

beach (Orr et al., 2005). Detached macroalgae may drift in the nearshore environment for 

several days, moved by winds, waves and currents, before it is deposited on the shore (Orr 

et al., 2005, Kirkman and Kendrick, 1997, Barreiro et al., 2011). In the Uists, easterly winds 

generally remove wrack from beaches, and prevailing south-westerly winds deposit wrack 

on beaches (D. Macphee, Orosay Factory, South Uist, pers. comm.). This seasonal and spatial 

variability makes it difficult to forecast input rates of fresh wrack to beaches (SSRA, 1947a). 

 

Wrack supports large and diverse communities of consumers by increasing food and 

habitat availability on eth beach (Orr et al., 2005, Ince et al., 2007, Dugan et al., 2003, Polis 

and Hurd, 1995, Colombini and Chelazzi, 2003). Bacteria populations on living macroalgae 
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multiply rapidly once it is cast ashore (Cullen et al., 1987), and the temperature within 

substantial wrack accumulations rise to several degrees above ambient as a result (Backlund, 

1945, Cullen et al., 1987). This moist, warm microhabitat is rapidly colonized by scavengers 

and detritivores such as talitrid amphipods, enchytraeid oligochaetes and Diptera. The 

Diptera (e.g. Coelopa spp. and Thoracochaeta zostera) lay their eggs in the wrack soon after 

deposition (1-2 days) and the larvae form dense populations in the wrack banks (Dobson, 

1974, Egglishaw, 1958). These larvae are a high energy food to many shorebird species 

(Dierschke, 1998, Prys-Jones et al., 1992a, Summers et al., 1990). Certain Dipterans, such as 

Coelopa spp., are only found in association with wrack, and depend on the seaweed and 

bacteria for the completion of their life cycle (Egglishaw, 1958, Kirkman and Kendrick, 1997). 

As the wrack is pushed further up the shore by tides it ages and is colonized by semi-

terrestrial macroinvertebrates such as predatory beetles, mites and spiders (Deidun et al., 

2009, Colombini et al., 2009). These fauna feed on the detritivorous macroinvertebrates 

already inhabiting the wrack (Egglishaw, 1958).  Organic matter from wrack also accumulates 

in the sand, where it is fed on by benthic infauna such as amphipods and polychaetes 

(Raffaelli, 2000, Rossi and Underwood, 2002, Bolam et al., 2000), which are prevalent in the 

diet of shorebirds (Mendonca et al., 2007, Goss-Custard et al., 1977, Robinson, 2005), and 

fish (Gibson and Ezzi, 1987). 

 

Wrack macroinvertebrates are generally present year-round, however their biomass 

may fluctuate seasonally (Stentondozey and Griffiths, 1983), and with the lunar cycle 

(Dobson, 1974). Stentondozey and Griffiths (1983) found that monthly fluctuations of wrack 

macroinvertebrates in South Africa were associated to the pattern of kelp deposition, and 

faunal biomasses increased when there was more wrack present. However, Stentondozey 

and Griffiths (1983) also suggested that certain benthic infauna which feed on kelp-derived 

organic matter at the water’s edge may decline in winter due to increased storm action, 

which makes this area of the beach inhospitable. Therefore, the wrack macroinvertebrates 

above the high-water line may provide a more constant food resource to predators (e.g. 

birds) over the winter months when other fauna decline.  

 

The importance of macroalgal wrack to shorebirds has never been assessed in the 

Uists, even though beaches support nationally important numbers of breeding and over-
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wintering species (Stroud et al., 2001). The study area is also used as staging sites and ‘re-

fuelling’ stations for several wader species (family Scolopacidae) during late spring 

migrations (Prys-Jones et al., 1992b). Overwintering waders typically arrive from more 

northerly latitudes (e.g. Iceland, Greenland and Arctic Canada) in late Autumn (October) and 

remain in the Uists until spring (April-May) the following year (Stroud et al., 2001). Waders 

that feed on the coastline and migrate south from Canada, Greenland and the Arctic to over-

winter in the Uists include Purple sandpipers (Calidris maritima), Turnstones (Arenaria 

interpres), Sanderling (Calidris alba) and Bar-tailed godwit (Limosa lapponica) (Stroud et al., 

2001). Resident waders (that breed in the Uists) include Ringed plover (Charadrius hiaticula), 

Dunlin (Calidris alpina), Redshank (Tringa totanus), and Oystercatchers (Haematopus 

ostralegus). All these species also stop-over in the Uists while migrating to other locations.  

 

Birds accumulate fat reserves prior to migration, and there is a dramatic increase in 

their food requirements during their pre-migratory fattening stage (Metcalfe and Furness, 

1984, Prys-Jones et al., 1992b). Waders such as Turnstone overwintering in the UK may have 

flight distances over 3 500 km, including at least 1 000 km of sea between Scotland and 

Iceland that must be flown continuously (Metcalfe and Furness, 1984). Birds that have 

depleted their fat reserves upon arriving at staging posts in Iceland may starve if the weather 

and foraging conditions are not optimal (Metcalfe and Furness, 1984). Therefore, birds will 

not depart for migration unless they have sufficient fat and protein stores, and this can 

require increasing their body mass by 40% (Metcalfe and Furness, 1984).  The high 

abundance of invertebrate fauna on beaches which accumulate wrack, particularly Diptera 

larvae, may help in meeting these energy requirements (Dierschke, 1998).  

  

In this study, three beaches which accumulate wrack were sampled over one year. 

The aims of this annual study were to assess the spatio-temporal variability in: 1) the 

biomass of wrack deposited on the beach; 2) the biomass of macroinvertebrates within ‘old’ 

and ‘recently’ deposited wrack banks; 3) the biomass of benthic infauna found in sediments 

at mean low water, and; 4) the abundances of gulls (family Laridae) and waders (family 

Scolopacidae) utilizing the beaches. In addition, wader counts were conducted on 20 

beaches with varying wrack cover during one week of April 2010, with the aim of assessing 

the relationship between waders and wrack cover during the spring migration period when 
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their energy demands are highest. The data collected in the annual study were later used to 

build a food web model (detailed in Chapter 6), which was used to predicted the ecosystem 

impacts of harvesting wrack. 

 

2. 3 Materials and methods 

 

2. 3. 1 Study area 

 

The annual study took place on the west coast of the Uist islands, on three beaches 

that are characterized by high inputs of macroalgal wrack (principally kelp, Laminaria spp.) 

year-round: Hougharry (HG), Peninerine (PEN) and Bornish (BOR) (Figure 2. 1). On these 

three beaches wrack was usually spread over the entire intertidal zone (Figure 2. 2), with 

fresh wrack occurring below the high water springs (HWS) line, and older more decayed 

wrack present above the HWS line. In addition, bird counts were conducted on twenty 

beaches (Figure 2. 1) with varying wrack cover during one week in April 2010, which 

coincided with the wader spring migration period.  

 

The morphology and physical characteristics of the three beaches are described in in 

Chapter 3 (section 3. 4. 2, page 78), but summarized here. All the beaches were of the 

‘intermediate dissipative’ type (Brown and McLachlan, 1990) with small waves (<1 m), no 

distinct surf-zone, beach widths ranging from 85 - 178 m, shallow intertidal slopes (1/26 – 

1/44) and medium-fine grained sand. Local crofters (farmers) remove wrack from Hougharry 

and Peninerine for application as a natural fertilizer on their land. This harvesting only takes 

place on a small scale over 2 to 3 months in winter, but unfortunately no data are available 

on the biomass of wrack removed from each beach. 
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Figure 2. 1: Location of three beaches sampled in annual study (●): Hougharry (HG); 

Peninerine (PEN), and; Bornish (BOR), together with beaches sampled during the spring 

wader migration in April 2010 (○). The beaches for the spring wader survey also included 

those sampled for the annual study (20 beaches in total). The islands which make up the 

Outer Hebrides are shown in grey.  
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Figure 2. 2: Three beaches with accumulations of wrack that were sampled in the annual 

study, all pictures taken in April 2010. 
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2. 3. 2 Sampling design 

 

For the annual study (6
th

 August 2010 to 27
th

 July 2011) the biomass of macroalgal 

wrack, benthic infauna in sediment, macroinvertebrates within wrack banks and the number 

of shorebirds were quantified on the three beaches (BOR, PEN and HG). Sampling took place 

at intervals of approximately 6 weeks for wrack biomass and bird abundances (9 sampling 

dates), and 12 weeks for benthic infauna and macroinvertebrates within wrack. All sampling 

was conducted within a 300 m length of shore on each beach. Benthic infauna was collected 

from the mean low water (MLW) zone (see rationale in section 2. 3. 3 below) and wrack 

macroinvertebrates collected from ‘newly’ deposited wrack banks and highly decayed ‘old’ 

wrack (see rationale and description below). Birds were counted within the standard 300 m 

length of shore between the dunes and mean low water (Figure 2. 3).  

 

 

 

Figure 2. 3: Diagram (not to scale) showing the various locations of the beach for which 

samples were collected. HWS = high water springs, MTL = mid tide level, MLW = mean low 

water.  
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2. 3. 3 Sampling rationale  

 

Three logistical factors influenced the sampling design in this study: (i) the dense 

cover of macroalgal wrack across the beach; (ii) the transport of samples back to the 

laboratory, and; (iii) the time available for processing samples. The methodology employed 

in this study deviated from ‘standard sandy beach sampling methods’ due to difficulties 

imposed by the extensive wrack cover (see review of standard methods in Schlacher et. al. 

(2008)). In sandy beach sampling macroinvertebrate samples are typically sieved in situ to 

reduce their volume before transportation (Schlacher et al., 2008). However, samples 

containing large quantities of wrack cannot be sieved to reduce their volume, and thus the 

number of samples collected in this study was limited by transportation space. Standard 

sandy beach sampling methodology also recommends collecting macroinvertebrates along 

replicate line-transects (n > 3), extending from the high- to low-water lines (Schlacher et al., 

2008). Macroinvertebrate samples are typically collected at multiple equally spaced intervals 

along these transects (~ 15 intervals for the length of the beaches in the Uists, resulting in 

>45 samples per beach). Using this standard methodology would yield samples that were 

too voluminous to transport and too numerous to process. Sampling design was thus 

tailored to provide the maximum information on the biomass of macroinvertebrates in areas 

of the beach which provide distinct habitats for macroinvertebrates, as well as areas in 

which birds were observed foraging.  

 

The low-tide zone was the only intertidal area common to all three beaches where 

the sand was not covered year-round by mats of macroalgal wrack, and was available for 

sampling benthic infauna on every occasion. In addition a parallel study (Chapter 3) 

indicated that benthic infauna communities at higher shore levels were depauperate, 

possibly as a result of hypoxic conditions induced by overlying wrack banks. In pilot 

observations, shorebirds were also observed feeding extensively on benthic infauna at low 

tide and within wrack banks on the upper shore, but were rarely seen feeding on sediment 

between mid- to high- tide zones. For these reasons mean low water was the only shore 

level sampled for the benthic infauna.  
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The sampling strategy for macroinvertebrates within wrack banks took into account 

the succession of wrack-fauna communities with aging of the wrack. In the early stages of 

decay wrack is colonized by Diptera, oligochaetes and amphipods, and as the wrack dries it is 

colonized by herbivorous and carnivorous Coleoptera (Colombini and Chelazzi, 2003). The 

biomass of fauna within the wrack also varies considerably with the stage of macroalgal 

decay (Colombini and Chelazzi, 2003). Wrack macroinvertebrates were thus collected from 

two ‘zones’ of wrack deposits:  (i) from the ‘old’, dry bank of wrack situated above the high 

water springs line (supralittoral/splash zone) where the seaweed was highly decomposed, 

and; (ii) from the ‘newly’ deposited band of wrack situated below high water springs. 

 

2. 3. 4 Macroalgal wrack cover and biomass 

 

Wrack percentage cover: On each beach, four transects that extended perpendicular 

to the shore, from the lowest line of coastal vegetation down to the low water line were 

positioned 40-60 m apart. At 15 equally spaced intervals along each transect, three 0.25 m
2
 

quadrats were thrown approximately 1 m apart parallel to the shore, and the percentage 

cover of wrack within each quadrat was estimated (45 quadrants per transect). To integrate 

the large amount of spatial variability in the spread of wrack across the beach, the 

percentage cover values for each quadrat within each transect were averaged so that a 

single cover value was obtained for each transect. Transects rather than individual quadrats 

were thus considered to be replicates (n = 4 per beach) for the measure of wrack percentage 

cover per beach (Schlacher et al., 2008). 

 

Wrack biomass: Percentage cover estimates were converted to biomass estimates as 

follows; within each quadrat thrown for percentage cover, the depth of the wrack was 

measured in four places by probing the wrack with a measuring stick until sand was reached. 

The volume of wrack within each quadrant was estimated by multiplying the area of wrack 

cover (m
2
) by the average depth of wrack in the quadrat. Wrack volume was converted to 

biomass using a density of 0.536 kg.ℓ
 -1

. This density value was obtained by weighing wrack 

in a 5 litre bucket (n = 277), from all shore levels of the beach, from old decaying wrack in 

the high water zone to the fresh wrack in the low water zone. Wrack was weighed over this 
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range of decay stages to take into account the differences in weight that may occur as a 

result of the wrack decomposing (e.g. loss in water content).  

 

2. 3. 5 Conduction bird counts 

 

Waders and gulls (shorebirds) on the beach were counted by walking at a constant 

pace along the top of each beach ± 2 hours either side of low tide (Summers et al., 2002) for 

a distance of 300 m,  measured using a hand-held GPS (GPS-76 Garmin). Birds were counted 

through binoculars (Nikon 8 X 36 Monarch Binoculars) by a single observer. Waders were 

identified to species level. Birds were only counted once they had been passed. Only 

shorebirds observed between the low-tide line and high water springs were counted, birds in 

the water (e.g. Anatidae; duck, swans and geese) or on the dunes were not included. To 

prevent the re-counting of birds that flew forward along the transect path, a second 

observer walked alongside the counter and took note of the movement and direction of any 

birds (Bibby et al., 2000). 

 

2. 3. 6 Sampling benthic infauna 

 

Six replicate sediment samples were collected for benthic infauna from Mean Low 

Water (MLW) on each beach. MLW was located in the swash zone at low tide, where both 

subtidal and intertidal species are found (Salvat, 1964, Incera et al., 2006). The swash zone is 

defined as the zone of wave action on the beach, from the limit of where the wave runs up 

the beach to where the wave runs down (CIRIA, 1996). Six sampling points were located 

within the MLW zone by randomly throwing a quadrat to mark the sampling location. A hand 

corer (11 cm diameter, 20 cm deep = 220 cm
2
) was used to remove the sand in the marked 

position. Six cores were pooled for each replicate sample so that each sample covered a 

surface area of 0.057 m
2
. The total surface area sampled at MLW was thus 

6 x 0.057 m
2 

= 0.34 m
2
, which is above the minimum sampling area of 0.30 m

2
 recommended 

for sampling macroinvertebrates at different ‘stations’ on sandy beaches (Schlacher et al., 

2008).
 
Sediment cores were placed in a 1 mm mesh bag and sieved in situ in the water 

column (inshore zone) to reduce the volume of sand in the sample, and the remaining 
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contents of the sieve were immediately transferred to plastic tubs and fixed with 4% 

buffered formaldehyde solution.  

 

2. 3. 7 Sampling wrack macroinvertebrates 

 

Six replicate samples were collected from ‘old’ and ‘new’ banks of wrack on each 

beach by removing a square core of wrack with a sharp spade (11 x 11 cm) to a depth of 

20 cm. The wrack samples were immediately transferred to 5 L tubs, fixed in 4% buffered 

formaldehyde solution for transportation to the laboratory.  Replicates were collected 

approximately 10 - 20 m apart within the wrack banks. Sampling a larger and deeper 

quantity of wrack was logistically not possible because of the remote location of the study 

area and limited space available for transportation. Sampling always took place one week 

after the spring tide as an attempt to sample Diptera at a similar stage in their life cycle. 

 

Temperature was recorded with a digital thermometer at six locations (10-

20 m apart) within the ‘old’ and ‘new’ wrack deposits, on the same day that samples were 

collected for wrack macroinvertebrates. Average, minimum and maximum ambient 

temperatures for the study area (Benbecula) were obtained from the following website; 

http://www.tutiempo.net/en/Climate/Benbecula/30220.htm, for the dates over which 

wrack macroinvertebrates were sampled (temperature was averaged over the consecutive 

days that samples were collected).  

 

2. 3. 8 Laboratory processing of macroinvertebrates 

 

Prior to sorting and identification of fauna, all samples were rinsed of formaldehyde 

solution over a 1 mm sieve in a fume hood. Benthic infauna were elutriated out of the 

remaining sediment by stirring the sand in a bucket of water, and then pouring the 

supernatant that contained the suspended/floating macroinvertebrates through a 1 mm 

sieve. This was repeated a minimum of 5 times (Harris et al., 2011). After elutriation the 

sediments were visually inspected for any remaining fauna, such as bivalves that may not be 

removed by elutriation.  
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 In many cases the fauna in the sediment and wrack samples were too numerous to 

process given the limited time and subsampling was necessary. Benthic infauna samples 

containing more than approximately 200 individuals were sub-sampled using a Folsom 

splitter (Guelpen et al., 1982). This was achieved by mixing the sample with water and 

pouring it into the undivided section of the round drum of the splitter. The drum was rotated 

and the samples were divided in half. Sequential splitting was performed on the divided 

samples until a manageable number (< 100 individuals) of macroinvertebrates remained. 

Wrack macroinvertebrates were subsampled by evenly spreading wrack samples onto a pan 

marked with 16 grids. Wrack was then removed from randomly selected grid squares so that 

the desired level of sub-sampling could be achieved (typically either 1/4 or  1/ 16 subsample) 

(Barbour et al., 1999). All fauna remaining with the wrack sub-samples were then 

individually removed with forceps.  

 

All fauna were identified down to the lowest taxon possible and counted. Wet 

weights were determined by pooling all individuals of the same taxon in each sample, 

blotting the sample with tissue for approximately 30 seconds to remove excess water, and 

then recording the weight to four decimal places. Biomass values were converted into grams 

per square metre (g.m
-2

) of wrack (for wrack macroinvertebrates) or per metre
2
 of the low-

water zone (sediment infauna). All fauna were preserved in 70% alcohol.  

 

2. 3. 9 Data analysis: Generalized additive models (GAMs) to assess 

temporal trends in wrack biomass and bird abundance  

 

Introduction: Statistical modelling was used to explore the temporal trends in the 

biomasses of wrack and the abundance of birds, rather than to test a specific a-priori 

hypothesis. Wrack biomass and bird abundances showed cyclical trends over time and it was 

not possible to fit a linear model to the data (Zuur et al., 2009). Therefore, the temporal 

trends in the biomass of wrack and bird counts were analyzed using generalized additive 

models, GAMs (Wood, 2006). GAMs allow for non-linear relationships to be fitted between 

the response variables (e.g. wrack and birds) and the continuous explanatory variable (e.g. 

time) by fitting a smoothing curve through data using a cubic regression spline (Wood, 

2006). In simple terms, the x-axis (time in this case) is divided into segments and a cubic 
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polynomial (Y = β1·X + β2·X
2
 + β3·X

3
)

2
 is fitted to segments of the data (Zuur et al., 2009, 

Wood, 2006). The fitted values (lines) per x-axis segment are then ‘glued together’ to form a 

smoothing curve through the entire dataset, and the point where the line segments join are 

called ‘knots’. A wide variety of curves can result depending on the number of knots. The 

more knots, the more variation there is in the shape of the smoothing curve (Wood, 2006). 

However, the more knots used, the fewer the data points available in each segment for the 

local regression, and hence greater the uncertainty (wider confidence intervals) around the 

predicted smoother (Zuur et al., 2009). The greater the error around the predicted curve, 

the less inference can be applied to the wider population (Zuur et al., 2009).  

 

Procedure: To construct the GAMs the nine sampling dates (which are strictly 

categorical) were converted to the continuous explanatory variable of ‘time’ as follows: 

time = year + sampling week/52, where there are 52 weeks in a year. For example, data 

collected on the 2
nd

 August 2010 (week 31) would have a time value of 2010 + 31/52 = 

2010.6, i.e. 60% of the way through 2010.  

 

Three GAMs were created for: 1) wrack biomass versus time; 2) wader abundance 

versus time, and; 3) gull (Larus spp.) abundance versus time. Each GAM was fitted with: i) 

one smoother for all beaches; ii) one smoother with different intercepts for each beach, and; 

iii) a different smoother and intercept for each of the three beaches. The model (i, ii or iii) 

with the best fit, signified by the lowest Akaike Information Criterion (AIC) value, was 

selected (Zuur et al., 2009). The optimal degree of smoothing (number of knots) across the x-

axis (time) was determined using generalized cross validation (Crawley, 2007, Zuur et al., 

2009). The maximum number of possible knots was set to 9, which was the number of 

sampling occasions. The smoothing curve was fitted through the data using a cyclic 

penalized cubic regression spline, which is used for annual or cyclic data whose ends ‘join-

up’ in time (Wood, 2006). 

 

The GAMS for wader and gull abundances were first modeled with a Poisson 

distribution and a log-link to account for the non-normal (skewed) distribution of the data 

and prevent the prediction of negative bird abundances (Crawley, 2007, Zuur et al., 2009). 

                                                        
2
 Where Y is the response variable, X is the explanatory variable and βn is the slope.  
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However, one of the assumptions of modelling count data with a Poisson distribution is that 

the variance is equal to the mean (Zuur et al., 2009).  If the variance was greater than the 

mean (known as overdispersion) then a quasi-Poisson GAM was fitted, and if overdispersion 

was still evident then a Negative Binomial GAM (with a log-link) was used to model the data 

(Zuur et al., 2009). For an explanation of using Poisson and Negative Binomial distributions 

to model data see Appendix 1. 1 (page 254). Wrack biomass data, which were continuous, 

were log10 transformed to prevent the prediction of negative wrack biomasses, and to satisfy 

the key assumption of homogeneity of variances. Unfortunately it was not possible to use 

Poisson or Negative Binomial GAMs to account for the non-normal distribution of wrack 

biomass data because these these distributions can only be applied to discrete (count) data 

(Zuur et al., 2009).  

 

Once the GAMs were fitted, the auto-correlation function (ACF) was used to assess if 

there was any temporal auto-correlation in the residuals, as described by Zuur et al., (2009). 

Any correlation between model residuals over time would violate the assumptions of 

independence.  The final predicted curves (smoothers) were back-transformed and plotted 

onto the raw data to aid interpretation of the results. The final models were validated by 

examining the residuals to assess if they met assumptions of homogeneity of variances (as 

per Zuur et al., 2009)
3
. GAMs were fitted with the package mgcv (Wood, 2006) in R 2.15.0 (R 

Development Core Team, 2010). 

 

2. 3. 10 Data analysis:  Linear model of the relationship between waders 

and wrack cover 

 

A simple linear regression model was used to assess the relationship between wader 

counts and wrack cover on the 20 beaches sampled during the spring migration (April 2010). 

The model was used to test the hypothesis that the abundance of waders on the beach 

increased in response to the percentage cover of wrack. The numbers of waders per 300 m 

beach was the response variable and mean percentage cover wrack was the continuous 

                                                        
3
 All R code for models are in Appendix 3.  1 (page 303),;  A3.1.1 (wrack vs time), A3.1.2 (waders vs time) and 

A3.1.3 (gulls vs time). Model outputs are in Appendix 3.  2(page 306);  A3.2.1 (wrack vs time), A3.2.3 (waders vs 

time) and A3.2.3 (gulls vs time). Model validations are shown in Appendix 3.  3 (page 310);  A3.3. 1 (wrack vs 

time),  A3.3. 2 (waders vs time) and A3.3.3 (gulls vs time). 
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explanatory variable. Wrack cover (not wrack biomass) was used as the response variable. 

This was because the survey for shorebird abundances versus wrack cover in April 2010 was 

conducted before all other sampling presented in this thesis, and the method to estimate 

wrack biomass had not yet been developed.  

 

The linear relationship between wader counts and percentage wrack cover was first 

tested using a Poisson generalized linear model (GLM) with a log-link to account for the non-

normal distribution of the count data and ensure positive predictions for bird counts 

(Crawley, 2007). If there was overdispersion then a quasi-Poisson GLM was fitted, and if 

there was still overdispersion then a Negative Binomial GLM was fitted as an alternative 

(Zuur et al., 2009).  If assumptions of homogeneity of variances could not be achieved for the 

Negative Binomial model, the percentage wrack cover and bird abundances were log10 

transformed as a last resort. The log10 transformed data were then modelled using an 

ordinary linear model. The model was assessed for outliers by plotting the residuals versus 

fitted values and outliers were identified as lying outside the -2 to 2 normalized residual 

range (Zuur et al., 2009). Extreme outliers may have a disproportionately large influence on 

the predictions, and so were removed and the model refitted. If there was no difference in 

model interpretation then the outliers were permanently omitted. One data point was 

excluded from the model because it was an extreme outlier, and this was within the 5% limit 

of data that can be removed as outliers (Zuur et al., 2009). The final model residuals were 

checked for assumptions of homogeneity and normality according to Zuur et al.,  (2009)
4
. 

The model predictions and 95% confidence intervals were plotted on the log10 transformed 

data as well as on the raw data to aid interpretation of the results. Models were fitted in R 

2.15.0 (R Development Core Team, 2010).  

 

2. 3. 11  Data analysis:  Linear models of macroinvertebrates within 

wrack banks and benthic infauna over time 

 

Models were created for: 1) the biomass of macroinvertebrates with wrack banks, 

and; 2) the biomass of benthic infauna within sediments at MLW. Linear models were used 

                                                        
4
 R code for model is in Appendix 3.  1 (page 302); A3.1. 4. Model output is in Appendix 3.  2 (page 305); A3.2.4. 

Model validation is in Appendix 3.  3: A3.3. 4 (page 309).  
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to test the hypothesis that 1): the biomass of macroinvertebrates within wrack varied 

significantly between beaches, between the ages of wrack (‘old’ versus new’) and across the 

four sampling dates: late summer - autumn (21/09/2010); winter (15/12/2010); early spring 

(11/03/2011), and; summer (11/06/2011), and; 2) that the biomass of benthic infauna varied 

significantly between beaches and between seasons.  

 

Faunal biomass (g.m
2
) was the response variable in each model. The biomass of 

wrack macroinvertebrates was modeled as a function of the fixed categorical explanatory 

variables: wrack age (2 levels; ‘old’ and ‘new’ deposits); sampling date (4 levels; see above), 

and; beach (3 levels; Peninerine, Hougharry, Bornish)
5
. The biomass of benthic infauna was 

modeled as a function of the fixed explanatory variables: sampling date (4 levels as above), 

and; beach (3 levels as above). All fixed explanatory variables were categorical.  

 

Data exploration was initially performed using Cleverland dotplots and boxplots to 

assess variables for heteroscedasticity and to identify outliers (Crawley, 2007). Large 

variability occurred in the data, particularly for the biomass of wrack macroinvertebrates. 

Appropriate transformations (log10 or square root) were applied to reduce the spread in the 

data, and to ensure that the models did not estimate negative biomass values for the lower 

95% confidence intervals (CI’s), which is not biologically possible. The transformation that 

resulted in the most homogenous spread of model residuals was used. Ideally the best 

method for dealing with heterogeneity in data is to use generalized least-squares (GLS) 

models which incorporate residual spread in the model using variance covariates (Zuur et al., 

2009), as described Appendix 1. 2 (page 255). However, GLS methods do not prevent 

negative biomasses from being predicted, and the data needs to be transformed. For 

reasons explained above, alternative distributions such as the Poisson or Negative Binomial 

could also not be used to deal with non-normally distributed biomass data and 

heterogeneity in the residuals because the biomass data were continuous rather than 

discrete.  

 

                                                        
5
 Beach (n = 3) was added as a fixed effect and not as a random effect as described in Chapters 3 and 4. This is 

because a minimum of 6 beaches would be required to obtain sensible estimates of the standard deviation of 

beach as a random factor (Pinheiro and Bates, 2000), which was not possible given limitations on time and 

effort.  
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The models for benthic infauna and wrack macroinvertebrates were initially fitted 

with all explanatory variables. The significance of dropping each term from the full model 

was tested with Likelihood-ratio (L-ratio) tests, and the relative goodness of fit (with and 

without the variable) were assessed with Akaike Information Criterion (AIC) values (Zuur et 

al., 2009). The L-ratio is the test statistic generated from Likelihood-ratio tests that compare 

the fit of two models, and is used to compute the p-value to decide whether to accept or 

reject the alternative model. In L-ratio tests, only variables that explained a significant (p < 

0.05) amount of variation in the biomass data were retained in the model. If removing the 

variable improved the model fit (lowered the AIC value), then it was permanently omitted 

(Zuur et al., 2009). The final models were validated by examining the residuals to assess if 

they met assumptions of homogeneity of variances as per Zuur et al., (2009)
6
. All GLS models 

were fitted in R 2.15.0 with the package nlme (R Development Core Team, 2010, Pinheiro et 

al., 2012). 

 

2. 4 Results 

 

2. 4. 1 Wrack biomass 

 

The generalized additive modelling (GAM) results demonstrate that there were 

significant seasonal fluctuations in the biomass of wrack (p < 0.05 for smoothing parameter), 

that varied for each beach (Eq. 2.1, Figure 2. 4, Table 2. 1).   

 

 log10(Wrack biomass) = α + f(Time:Beach) + Beach + ε (Eq. 2. 1) 

 

Where biomass observations are modelled as a function of time, ƒ(Time), with a 

different smoother and intercept (α) predicted for each beach, where ‘:’ denotes an 

interaction, and ε is the residual variation which is assumed to be normally distributed with a 

standard deviation of σ
2
 i.e. ε~(0, σ

2
). This model fits different temporal curves for wrack 

biomass on each beach (Figure 2. 4). 

 

                                                        
6
 R code for models are in Appendix 3.  1 (page 303); A3.1. 5 (benthic infauna) and A3.1.6 (wrack fauna). Model 

outputs are in Appendix 3.  2 (page 306).; A3.2.5 (benthic infauna) and A3.2.6 (wrack fauna). Model validations 

are in Appendix 3.  3 (page 310); A3.3. 5 (benthic infauna) and A3.3. 6 (wrack fauna). 
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The only commonality between beaches was that they were predicted to have 

maximum wrack biomasses during winter (November - January). The most pronounced 

winter biomass peak was observed on Hougharry, where the mounds of wrack were more 

than 2 meters deep in November 2010, Figure 2. 5. Smaller peaks in wrack biomass were 

observed in spring (Peninerine and Bornish) and summer (Hougharry). The winter wrack 

biomasses predicted by the GAM for Hougharry, Bornish and Peninerine were 151 kg.m
-2 

(95% CI: 85.6 - 266 kg.m
-2

), 37.4 kg.m
-2

 (95% CI: 24.2 – 57.8 kg.m
-2

) and 38.2 kg.m
-2

 (95% CI: 

19.0 – 76.8 kg.m
-2

) respectively. The minimum wrack biomasses predicted by the GAM for 

Hougharry, Bornish and Peninerine were 7.22 kg.m
-2 

(95% CI: 3.87 – 13.4 kg.m
-2

), 19.5 kg.m
-2

 

(95% CI: 13.4 – 28.3 kg.m
-2

) and 4.69 (95% CI: 2.57 – 8.55 kg.m
-2

) respectively. The smoother 

for Bornish was not significant (Table 2. 1); however it did predict a slight increase in wrack 

biomass in winter. Examination of the model residuals and the autocorrelation function 

(ACF) versus time indicated that there was no significant temporal auto-correlation in the 

data for all GAMs.  

 

 

Figure 2. 4: Model predictions (solid line) ± 95% confidence intervals (dashed lines) of the 

relationship between wrack biomass versus time (1-year sampling period), for the three 

beaches on the Uists.  
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Figure 2. 5: Mounds of beach-cast kelp wrack washed onto Hougharry, November 2010, 

mainly comprising Laminaria hyperborea stipes and fronds.  

 

Table 2. 1: Summary of generalized additive models (GAMs) for wrack biomass predicted 

by time and beach 

Model  Terms Estimate SE t p 

log10(Wrack 

biomass) 

Intercept 1.437 0.051 27.99 <0.001 

 Beach: HG -0.074 0.073 -1.004 0.318 

(Eq. 2. 1) Beach: PEN -0.321 0.131 -5.076 <0.001 

      

 s(Date): BOR edf = 1.99           F = 2.096  0.112 

 s(Date): HG edf = 5.82           F = 9.409 <0.001 

 S(Date):PEN edf = 6.03           F = 4.648 <0.001 

 Deviance explained = 55%   n = 103   

Where: s = smoothing parameter, edf = estimated degrees of freedom. BOR = Bornish, 

PEN = Penienerine and HG = Hougharry. Note: this is generated as a table of contrasts with 

BOR as the reference level for beach. E.g. the ‘intercept’ value is the intercept of the ‘time’ 

smoothing curve for BOR. The intercept for HG is 0.074 below  BOR, and the intercept for 

PEN in 0.321 below BOR.  

 

The average (± std. error) wrack biomass observed on each beach over one year was 

42.2 kg.m
-2

 (± 8.75 kg.m
-2

, n = 35), 34.7 kg.m
-2

 (± 3.81 kg.m
-2

, n = 33), and 19.3 kg.m
-2

 (± 2.43 

kg.m
-2

, n = 35) for Hougharry, Bornish and Peninerine respectively, and the average for all 

beaches was 31.9 kg.m
-2

 (± 3.30 kg.m
-2

, n = 103). These were the average standing stocks of 

wrack (in various stages of decay) estimated on each beach at any one time over the year, 

and may include wrack that has accumulated over several weeks or months. The data do not 

reflect the biomass of fresh wrack on the beach or the input rates of fresh beach-cast kelp to 

the beaches over a year. These wrack biomasses only pertain to the 300m length of shore 
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sampled for each beach, and do not extend beyond. Therefore, these biomass estimates do 

not apply to any other stretch of shore in the Uists, but only pertain to the study sites.  

 

2. 4. 2 Seasonal variation in shorebird abundance 

 

The raw abundance counts for individual wader species over 1 year are shown in 

Figure 2. 6 (the raw bird count data is in Appendix 2. 1., page 265). Waders that were rarely 

seen feeding on the three beaches included Bar-tailed godwit (Limosa lapponica), Curlew 

(Numenius arquata), Redshank (Tringa totanus), Golden plover (Pluvialis apricatia) and 

Lapwing (Vanellus vanellus). The latter four typically feed in terrestrial environments or 

estuarine mudflats. Golden plover and Lapwing were only recorded on the beaches in 

December when much of the land, lochs and wetlands on which they typically feed were 

frozen (K. Orr pers. obs.). Oystercatcher, Dunlin and Ringed plover, which breed in the Uists, 

were present throughout the year; however Oystercatchers showed a distinctive increase in 

the winter months (end of 2010). Coastal wader species which over-winter in the Uists and 

had higher abundances between November 2010 and April 2011 included Purple sandpiper, 

Turnstone and Sanderling. The 6-week interval between sampling dates made it difficult to 

capture the seasonal variability in individual species, especially in highly migratory species 

such as Sanderling and Purple sandpiper which spend limited time stopping over en route.  

When the abundance of all waders were combined, they showed a winter peak in 

abundances (Figure 2. 7 top right).  
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Figure 2. 6: Abundance of individual wader species as well as the sum of all wader species 

(top right) recorded on the three beaches over a 1-year sampling period.  

 

Seasonal trends in shorebird abundances were modeled with Negative Binomial 

GAMs using a log-link. The best model (lowest AIC value) only had one smoother that was 

averaged for all beaches (Eq. 2. 2).  

 

 Shorebird abundance = α + f(Time) + ε (Eq. 2. 2)
7
 

 

There was a significant seasonal trend in the abundance of waders (p = 0.0044, Table 

2. 2), with an increase in abundance predicted during winter and a decrease in summer 

(Figure 2. 7, A). The mean predicted abundance of waders increased four-fold between the 

summer minimum and winter maximum values.  However, the 95% CI bands around the 

                                                        
7
 Separate GAMs were fitted for gulls and waders, but the model equation was the same for both shorebird 

groups. There was no significant temporal auto-correlation in the residuals for all the GAMs, which is not 

unusual when a temporal trend is fitted through the data.  

 



Chapter 2: Spatio-temporal variability 

  

49 

 

winter months (beginning 2011) are wide, reflecting the large variability in wader counts. 

Beach did not have a significant effect on wader abundance (AIC = 3.28 and 5.36 for GAMs 

with and without beach as a factor). 

 

Figure 2. 7: Relationships between the abundance of all waders (A) and gulls (B) versus 

time, over a 1-year sampling period. GAM Model predictions (solid line) ± 95% confidence 

intervals (dashed lines) are shown on the raw data.  

 

 

Gulls (Larus spp.) did not show a significant seasonal trend in abundances 

(p = 0.0631), however their numbers showed the opposite fluctuation to waders and 

increased towards the summer months in 2011 (Figure 2. 7, B). The abundance of gulls was 

approximately 4-fold lower than waders in winter, although it was of a similar magnitude in 

summer (Figure 2. 7). Beach did not have a significant effect on gull abundance (AIC = 2.81 

and 6.57 for GAMs with and without beach as a factor).  
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Table 2. 2: Summary of generalized additive models (GAMs) for wader and gull 

abundance predicted by time. 

Model Terms Estimate SE z P 

Wader 

abundance 

Intercept 4.569 0.159 28.64 <0.0001 

(Eq. 2. 2) s(Time) edf = 2.28  Chi.sq. = 13.24    0.0044 

 Deviance explained  = 35.9% n = 27   

Gull 

abundance 

Intercept 3.404 0.195 19.39 <0.0001 

(Eq. 2. 2)      

 s(Time) edf = 1.81  Chi.sq. = 6.494  0.0631 

 Deviance explained  = 13.3% n = 27   

Where: s = smoothing parameter, edf = estimated degrees of freedom. Data were modelled 

using a Negative Binomial distribution with a log-link function, so results here are on a log 

scale.  

 

 

2. 4. 3 Wader abundance versus wrack cover during spring migration 

 

During the spring migration period when birds were flying north (April 2010), wader 

abundance increased significantly with the percentage cover of wrack on the beach, for log10 

transformed abundance data (p < 0.0001, F = 77.64, df = 17, R
2 

= 0.82), Eq. 2. 3. The log10 

model predictions are shown together with the back-transformed predictions in Figure 2. 8.  

 

 log10(Wader abundance) = α + β∙log10(Wrack cover) + ε (Eq. 2. 3) 

 

Where α is the model intercept, β is the slope and ε is the residual noise. Back 

transformation of the model slope revealed that a 10% increase in wrack cover was 

associated with a 9.1% increase (95% CI: 7.3% - 11%) in the abundance of waders on the 

beach. From the plots in Figure 2. 8 it is possible to see why the original data was log10 

transformed to reduce the effect of outliers (at 80% wrack cover).  
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Figure 2. 8: Abundance of waders versus percentage wrack cover in April 2010, showing; 

(A) the model predictions plotted onto the log10 data, and; (B) model predictions back-

transformed and plotted onto the original data. The solid lines are the model predictions, 

and dotted lines are the 95% confidence intervals.  

 

A total of 8 wader species were recorded on the 20 beaches surveyed during the one 

week period in April 2010. The maximum number of waders recorded on any one beach 

during this period was 134 ind.300 m
-1

, and the average was 38 ind.300 m
-1

(± 9 std. error, 

n = 20). In order of most to least abundant in terms of percentage composition averaged 

across all beaches these were; Dunlin (45.1%), Sanderling (20.1%), Turnstone (12.8%), Purple 

sandpiper (12.0%), Ringed plover (8.2%), Oystercatchers (9.9%), Bar-tailed godwits (1.5%) 

and Redshank (0.2%). The most ubiquitous species were Oystercatchers, which were found 

on 95% of beaches and Sanderling which were found on > 70% of the beaches. Turnstone 

were only found on beaches with wrack cover greater than 30%, and Dunlin and Purple 

sandpiper were absent on beaches with less than 8% wrack cover.  

 

2. 4. 4 Benthic infauna  

 

A total of six benthic infaunal taxa were recorded in the sand at mean low water. See 

Appendix 2. 2 (page 267) and Appendix 2. 3 (page 268) for the raw biomass and abundance 

data for benthic infauna respectively. The dominant taxa were detritivorous polychaetes, 
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Malacoceros fuliginosus and Capitella capitata, each contributing 71% and 27% respectively 

to the average annual biomass of benthic infauna. Other polychaetes (Eteone spp. and 

Arenicola marina) and oligochaetes (Enchytraeidae and Tubificidae) were recorded only 

rarely. The lowest average biomass was observed in winter (December 2010) and the highest 

in late and early summer (September and June), Table 2. 3. When comparing to 

macroinvertebrate biomasses within wrack; the annual average biomass for benthic infauna 

(349.3 g.m
-2

) was 4.2 times lower than macroinvertebrates found in old banks of wrack 

(1 490 g.m
-2

), but was within the range observed in newly deposited wrack, Table 2. 3. 

 

Table 2. 3: Mean (and inter quartile range) biomasses of: (A) benthic infauna in sediment 

at mean low water; (B) macroinvertebrate in ‘old’ wrack banks, and; (C) 

macroinvertebrates in ‘new’ wrack, over four sampling. 

Group Month Biomass (g.m
-2

) 

(A) Benthic infauna: Sept 2010 402.5 (232.2 – 567.2) 

Mean low water Dec 2010 214.7 (82.95 – 334.4) 

 March 2011 296.7 (198.2 – 332.1) 

 June 2011 458.1 (261.5 – 613.7) 

 overall average 349.3 (195.4 – 532.5) 

(B) Macroinvertebrates  

      in ‘old’ wrack: 

Sept 2010 723.1 (293.8 - 1126) 

Dec 2010 833.0 (412.8 - 921.4) 

 March 2011 3164 (1499 - 4081) 

 June 2011 995.2 (466.6 - 1311) 

 overall average 1490 (433.4 - 1721) 

(C) Macroinvertebrates in  

     ‘new’ wrack: 

Sept 2010 199.5 (2.743 - 509.5)  

Dec 2010 512.3  (1.014 - 510.8) 

 March 2011 287.2 (1.788 - 179.3) 

 June 2011 637.3 (22.11 - 1016) 

 overall average 407.8 (2.743 - 509.5) 

 

The final model describing benthic infaunal biomass at mean low water was a linear 

model in which the infaunal biomass data were square root transformed, the factors ‘beach’ 

and ‘sampling date’ had a significant effect (p < 0.05) on infauna biomass (Eq. 2.4, Table 2. 

4), but there was no significant interaction between these factors (df = 7, F-value = 8.416, 

p = 0.2091). Therefore, the predicted seasonal trends for infauna biomass followed the same 

pattern on each beach (Figure 2. 9). 

 

 Sqrt(Biomass benthic infauna) = α + β1∙Date + β2∙Beach + ε (Eq. 2. 4) 
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Where α is the model intercept (which will change for each combination of 

categorical variables), βn is the slope for each explanatory variable n, and ε is the residual 

variation, where ε is assumed to be normally distributed with a standard deviation of σ
2
, i.e. 

ε~(0, σ
2
). 

 

Figure 2. 9: Model predictions of mean (± 95% CI) biomass of benthic infauna at mean low 

water on three beaches. The four sampling dates were approximately 3 months apart, and 

the date denotes the beginning of the sampling week. Grey points represent raw data. 

 

On all beaches, predicted biomass of benthic infauna was lowest in winter 

(December 2010), and significantly (p < 0.05) higher in late- and mid-summer (Sept 2010 and 

June 2011). The predicted mean biomass for all beaches in December was 179.7 g.m
-2

 

(± 30.04 95% CI), which was 2.1 and 2.4 times lower than the predicted biomasses in 

September 2010 and June 2011 respectively. Averaged over all seasons, Hougharry was 

predicted to have the highest infaunal biomass (416.8 g.m
-2

 ± 53.45 g.m
-2

 95% CI) and 

Bornish the lowest (212.1 g.m
-2

  ± 33.19 g.m
-2

  95% CI).  
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Table 2. 4: Summary showing the significance of fixed effects and variance 

covariate (β) terms in the optimal linear models for the biomass of benthic 

infauna and wrack macroinvertebrates.   

Model  Model Term df L-ratio p 

Sqrt.(biomass benthic infauna) 

(Eq. 2. 4) 

Month 2 23.72 <0.0001 

Beach 2 17.69 <0.0001 

log10(biomass wrack 

macroinvertebrates)  

(Eq. 2. 5) 

Age:Month:Beach 26 121.0 <0.0001 

Age:Month 12 10.22 0.0168 

Age:Beach 11 31.35 <0.0001 

Month:Beach 15 28.52 0.0001 

Age
β 

26 11.90 <0.0001 

Where ‘:’ denotes the interaction between factors. 

 

2. 4. 5 Wrack macroinvertebrates 

 

The macroinvertebrates identified within wrack banks comprised enchytraeid 

oligochaetes, five species of Diptera (in larval, pupae and adult life stages), talitrid 

amphipods (Orchestia gammarellus), omnivorous beetles (Cercyon spp.) and three species of 

predatory beetles of the family Staphylinidae (See Appendix 2)
8
. Diptera and enchytraeid 

oligochaetes dominated the biomass of fauna in wrack banks, contributing 58% and 28% 

respectively to the faunal biomass in ‘old’ wrack banks and 52% and 47% respectively to the 

biomass of fauna in ‘new’ wrack banks (averaged across the year). Beetles and talitrid 

amphipods were frequently recorded, but these taxa combined only contributed 3% and 1% 

towards the biomass of fauna in ‘old’ and ‘new’ wrack banks respectively. 

 

Diptera larvae (Coelopa pilipes and C. frigida) dominated the biomass of 3 life stages 

of Dipterans. The seaweed fly Thoracochaeta zostera was also highly abundant, but due to 

its small size it contributed less towards the average biomass. On average (across all months 

and beaches) 89% of Dipteran biomass in ‘old’ wrack were larvae, 9% pupae and 2% adults. 

This was also true of newly deposited wrack in which 81% of Diptera were in the larval stage.  

 

                                                        
8
 Species biomass and abundance data for fauna in ‘new’ wrack are shown in Appendix 2. 4 (page 265) and 

Appendix 2. 5 (page 266) respectively. Species biomass and abundance data for fauna in ‘old’ wrack are shown 

in Appendix 2. 6 (page 267) and Appendix 2. 7 (page 268). 
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The annual average biomass of fauna in ‘old’ wrack banks was 1 490 g.m
-2

 (433.4 – 

1 721 g.m
-2 

interquartile range), which was 3.6 times greater than in ‘newly’ deposited wrack 

banks (Table 2. 3). Enchytraeid oligochaetes dominated the biomass of fauna in ‘old’ wrack 

banks, except in spring (March) when there was a large increase in the biomass of Dipteran 

larvae relative to winter (December), as seen in Figure 2. 10 (A). Diptera larvae are larger and 

heavier than oligochaetes and this species dominance shift resulted in a 3.7-fold increase in 

the overall biomass of fauna in ‘old’ wrack banks between winter and spring to 3 164 g.m
-2

, 

Table 2. 3 (B). Other wrack macroinvertebrates (beetles and amphipods) were not included 

in Figure 2. 10 because they contributed less that 3% to the overall biomass for all months 

and thus could not be seen clearly on the plots.  

 

Figure 2. 10: Stacked barplots showing the average biomass of enchytraeid oligochaetes 

and Diptera and within ‘old’ wrack (A) and ‘new’ wrack deposits (B). Data was averaged 

for the three beaches.  
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The linear modelling results demonstrated the high variability in the biomass of 

macroinvertebrates found within wrack banks across beaches, seasons and wrack ages. The 

final model for wrack macroinvertebrates was a generalized least-squares model (gls) in 

which faunal biomass was log10 transformed (Eq. 2. 5).  

 

log10(Biomass wrack macroinvertebrates) = α + β1∙ Wrack age  + 
                    β2∙ Date + β3∙ Beach + β4∙ Wrack age : Date : Beach + ε 

(Eq. 2. 5) 

 

 

Where the notation ‘:’ denotes an interaction and the residual variation (ε) has a 

different standard deviation of σj
2 

for each wrack age (j), i.e. ε~(0, σj
2
). Other parameters are 

explained above (Eq. 2. 4). 

 

The model predicted that sampling date, the age of wrack and the beach all 

contributed significantly to the variability observed in the biomass of macroinvertebrates 

within wrack (Table 2. 4). There was a significant three-way interaction between the 

explanatory variables wrack age, beach and date. The variance in the biomass data for ‘new’ 

wrack was 60% more than in ‘old’ wrack (even after log10 transformation), so the model was 

updated to include a variance covariate for wrack age. The predicted macroinvertebrate 

biomasses in ‘old’ and ‘new’ wrack banks are plotted in Figure 2. 11 (A and B respectively).  

 

When looking at the model predictions for each beach individually (rather than 

averaging across beaches) it is difficult to identify specific trends, and the seasonal and 

spatial variability is evident. For ‘old’ wrack, Hougharry and Peninerine showed similar 

trends (Figure 2. 11, A.1 and A.3), with significant (p < 0.05) increases in faunal biomass in 

March (~3.7 fold relative to December), while Bornish did not show significant seasonal 

variability in wrack macroinvertebrate biomass (Figure 2. 11 A.2). For fauna in ‘new’ wrack, 

Hougharry and Bornish show similar trends (Figure 2. 11, B.1 and B.2), but Peninerine 

showed an increase in wrack macroinvertebrate biomass after winter that was not observed 

on the other beaches (Figure 2. 11, B.3). The model predictions also generally reflect that of 

the raw data (Table 2. 3) in which the biomass of fauna in ‘old’ wrack banks was generally 

greater than in ‘new’ wrack banks. 
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Figure 2. 11: Model predictions (geometric mean ± 95% CI) for the biomass of 

macroinvertebrates in ‘old’ wrack (A.1 – A.3, top panel) and ‘new’ wrack (B.1 – B.3, 

bottom panel) on three beaches, during quarterly sampling periods. Original data is shown 

as grey points. 

 

Wrack temperature: The average temperature within wrack banks was highest in 

September 2010 and lowest in December 2010 and March 2011 (Table 2. 5). There was a 

large variability in temperature for both ‘old’ and ‘new’ wrack banks. In general the 

temperature within ‘old’ wrack was greater than in ‘new’ wrack deposits, possibly reflecting 

the greater degree of bacterial activity. On average, the temperature in the ‘old’ wrack and 

‘new’ wrack banks were 5.3 °C and 2.5°C warmer than ambient respectively. 
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Table 2. 5: Mean (± std. error, n = 5) temperature (°C) within wrack banks (averaged for 

the three beaches) and ambient temperature for study area over four seasons. 

Date Old wrack New wrack 

Mean (min-max) ambient 

temperature* 

Sep-10 19 (± 1.9 ) 16 (± 4.3 ) 13 (11 - 16) 

Dec-10 11 (±  8.1) 4.6 (± 2.9 ) 2.8 (-0.3 - 6.0) 

Mar-11 9.3 (±  2.0 ) 9.3 (± 4.3 ) 2.4 (-1.0 - 5.7) 

Jun-11 17 (± 3.0 ) 13 (±  1.4) 12 (7.0 - 15) 

*Data are for Benbecula, South Uist, and were obtained from 

http://www.tutiempo.net/en/, and represent the average ambient temperatures over the 3 

day sampling period 

 

 

2. 5 Discussion 

 

This chapter presents the seasonal trends in the biomass of wrack and associated 

fauna on three beaches in the Uists which accumulate wrack year-round. It also assesses the 

relationship between wader abundance and percentage wrack cover during their spring 

migration. It is the most comprehensive study to date of beach ecosystems that accumulate 

wrack in the UK. The study: 1) demonstrates the high temporal and spatial variability in 

wrack biomass; 2) provides data on the biomass of macroinvertebrates within wrack and 

benthic infauna with sediment, and; 3) highlights the importance of beaches with wrack as a 

foraging habitat to migrating waders. The findings suggest that beaches which accumulate 

wrack support some of the highest biomasses of invertebrate fauna reported globally, and 

removal of wrack may be detrimental to migrating birds through the loss of foraging habitat.  

 

2. 5. 1 Seasonal variability in wrack biomass 

 

The winter peaks in wrack biomass reported here reflect those of other studies, in 

which the highest wrack biomasses are observed after autumnal and winter gales (SSRA, 

1947b, Walker and Richardson, 1955, Filbee-Dexter and Scheibling 2012). The large 

variability in wrack biomass between beaches is likely to be a function of the beaches’ 

proximity to kelp forests, local hydrographical conditions, wave exposure and beach angle 

(Orr et al., 2005). There is no fine scale data available on the hydrography, bathymetry and 
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subtidal kelp biomasses adjacent to the beaches studied. Therefore, it is not possible to 

speculate further on the different patterns of wrack deposition observed between beaches. 

Early studies on the biomass of wrack on Scottish beaches (SSRA, 1947b, SSRA, 1947a) also 

found a lack of consistency between the timing and duration of casts, as well as large 

variations in wrack biomasses between beaches and years.  

 

It is important to stress that the wrack biomasses reported here are only standing 

stocks of wrack (in various stages of decay) on the beach, and do not reflect input rates of 

fresh wrack (e.g. tons of fresh material per km per year). It was difficult to discern whether 

the ‘newly deposited’ wrack found below the high water line was from fresh storm-cast kelp, 

or old wrack that had previously been washed off the beach and then re-deposited. To 

convert standing stock biomasses to annual rates of input it would be necessary to estimate 

the residence time of wrack on the beaches. Accurately estimating input rates is essential if 

beach-cast kelp is used to produce biofuel by anaerobic digestion, because biogas producers 

will need to know how much resource is available on a continual basis. The highly variable 

and unpredictable nature of wrack deposition on beaches renders it a poor candidate for 

biofuel. However, it may be opportunistically integrated with other organic feedstocks (e.g. 

animal wastes) to supplement the biomass available for anaerobic digestion (Kelly and 

Dworjanyn, 2008).  

 

2. 5. 2 Patterns in shorebird abundance 

 

Wader populations showed significant seasonal fluctuations, with an increase in 

winter abundances that reflects their use of the Uists as overwintering grounds (Stroud et 

al., 2001). The increased abundance of waders in winter also coincides with the winter 

biomass peaks of wrack. It is probable that wrack in winter and spring provides extra feeding 

opportunities for birds at a time when their abundances and energy demands are high, such 

as during severe weather conditions (Dugan et al., 1981) or during pre-migratory fattening 

(Dierschke, 1998). The strong positive correlation (R
2
 = 0.82) observed between the 

abundance of waders and the percentage cover of macroalgal wrack was likely to be in 

response to the plentiful invertebrate fauna (both in wrack and sediment at MLW), which 

allow shorebirds to maximize their energy intake relative to foraging time (Tarr and Tarr, 



Chapter 2: Spatio-temporal variability 

  

60 

 

1987, Lopez-Uriarte et al., 1997, Bradley and Bradley, 1993, Dugan et al., 2003, Dierschke, 

1998). Kelp fly larvae have a calorific value of 25.8 kJ.g
-1

 dry mass (Stentondozey and 

Griffiths, 1980), compared to averages of 17.53 kJ.g
-1

, 17.29 kJ.g
-1

, 16.0 kJ.g
-1 

and 17.76 kJ.g
-1 

dry mass of littorinids, polychaetes, amphipods and bivalves respectively (Brey, 2001), which 

are also key prey items for waders (Harris, 1979, Robinson, 2005, Goss-Custard et al., 1977). 

Given the strong positive relationship between the abundance of waders and percentage 

wrack cover, it is likely to be a crucial feeding habitat to birds on migration across the Uists.  

 

During the spring migration Dunlin abundance showed the highest correlation with 

percentage wrack cover.  This species also benefits from foraging in wrack whilst migrating 

across Helgoland, the North Sea, where their daily energy expenditure could be met after 

only 5 hours of foraging in wrack (Dierschke, 1998). Of the other migrating and 

overwintering species, Turnstone and Purple sandpiper also showed a positive correlation 

with wrack cover in April 2010. This was unexpected since the preferred habitats for both of 

these species are typically rocky shores and shingle beaches (Summers et al., 2002). 

However, when wrack is present they gain significant energy benefits by feeding on sandy 

beaches and amongst wrack (Harris, 1979, Buxton et al., 1985, Prys-Jones et al., 1992a, 

Bradley and Bradley, 1993, Kirkman and Kendrick, 1997). For example, Summers et al. (1990) 

found that Diptera larvae and pupae comprised up to 67% of the diet of Purple sandpipers 

on coastlines with rotting seaweed in Orkney, Scotland. Therefore, it is probable that the 

large-scale removal of wrack would reduce the survival rate of migrating birds by reducing 

the energy sources available to them unless they are able to compensate for the loss by 

foraging in other habitats.  

 

The variation in bird count data between sampling dates and beaches is attributed to 

the high mobility of birds, and their transitory use of feeding sites. Birds move between 

habitats depending on local food availability, and may only utilize beaches for short periods 

when on migration (Dierschke, 1998). The presence of predators and disturbances (such as 

dog walkers) will also impact the number of birds feeding on a beach at any one time, as will 

the weather conditions such as strong winds, which force birds to retreat into sheltered 

areas (Bibby et al., 2000). All these factors would have contributed to the variation observed 

in bird count data.  
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2. 5. 3 Benthic Infauna  

 

The benthic infauna which dominated at mean low water (Spionidae: Malacoceros 

fuliginosus and Capitellidae: Capitella capitata) are typical of sediments that have been 

enriched with organic matter (Fauchald and Jumars, 1979, Pearson and Rosenberg, 1978). 

The elevated benthic infaunal biomasses observed in summer could be associated with  

variations in polychaete body size, rather than seasonal variations in abundance, as 

observed elsewhere (Speybroeck et al., 2007). For Spionid polychaetes winter conditions are 

typically associated with a loss in body weight, while larger gravid females are generally 

present between April and June and die off after September (Speybroeck et al., 2007). The 

decline in benthic infaunal biomass may be due to harsh swash conditions and colder 

temperatures experienced in winter, which reduce the survival rate of benthic infauna 

within the low-water zone (Griffiths and Stentondozey, 1981). The variation of infaunal 

biomasses between beaches may be a function of physical beach characteristics such as 

grain size, intertidal slope, swash conditions and wave exposure (Defeo et al., 2009, 

McLachlan, 1983), or different quantities of organic matter in the sand (McIntyre, 1970, 

Pearson and Rosenberg, 1978).  Further research is required to test these factors.   

 

McIntyre (1970) reported average infaunal biomasses of 0.88 to 1.30g.m
-2

 dry weight 

for moderately exposed beaches on the Scottish mainland (McIntyre, 1970). For 

comparisons, the wet weight values for infauna on the Uist beaches were converted to dry 

weight using a ratio of 0.2 for wet weight : dry weight (Brey, 2001). This gave average 

infauna biomasses of approximately 42.8 g.m
2
 to 109 g.m

2 
dry weight for the Uists: two 

orders of magnitude higher than reported by McIntyre (1970) for other Scottish beaches 

which do not accumulate wrack. The high biomasses of polychaetes found on Uist beaches 

which accumulate wrack are likely to be a function the greater variability of detrital food 

(Fauchald and Jumars, 1979). At these high biomasses, the sediment infauna represent 

valuable prey to waders (Jackson, 1988, Perez-Hurtado et al., 1997, Vanermen et al., 2009, 

Robinson, 2005). This is supported by Jackson (1988) who observed that waders on the Uists 

concentrated their feeding to a narrow band of the intertidal sediment on beaches with 

wrack, presumably where polychaete fauna had been enriched.  
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2. 5. 4 Wrack macroinvertebrates 

 

The macroinvertebrates found within wrack banks were similar to those in other high 

latitude coastlines, being dominated by Diptera larvae and oligochaetes (Backlund, 1945, 

Egglishaw, 1958, Cullen et al., 1987, Behbehani and Croker, 1982, Urban-Malinga and 

Burska, 2009). Enchytraeid oligochaetes are also common in other environments with high 

organic loading (e.g. effluent outfalls), and consume decaying organic material along with 

associated micro-organisms (Giere and Pfannkuche, 1982). The biomasses of wrack 

macroinvertebrates reported here are some of the highest to date. Wet weights were 

converted to dry weights (using ratio of 0.2 as above) to give 298 g.m
-2

 and 81.56 g.m
-2

 dry 

weight wrack macroinvertebrates for ‘old’ and ‘new’ deposits respectively. In comparison, 

Stentondozey and Griffiths (1983) reported an average macroinvertebrate biomass of 170 

g.m
-2

 (dry weight) for the high-water zone of a beach in South Africa, in which fauna were 

mostly associated with the wrack. Furthermore, in western Australia the average 

macroinvertebrate biomass on wrack covered beaches was two orders of magnitude lower 

than presently reported, at 5.51 g.m
-2

 dry weight (McLachlan, 1985), and again these fauna 

were mostly associated with wrack. The high biomass of wrack macroinvertebrates observed 

in the Uists relative to other locations may be due to the nature of the wrack banks, which 

occurred in relatively deep walls that maintained temperatures several degrees above 

ambient year-round, as also suggested by Egglishaw (1958). It is possible that the wrack 

accumulations in warmer climates, such as Australia and South Africa, dry out more rapidly 

and hence are less hospitable for abundant soft-bodied macroinvertebrates such as Diptera 

larvae and oligochaetes.    

 

On average, the biomass of wrack macroinvertebrates remained relatively constant 

year-round, except in early spring (March) when there was a significant 3.7-fold increase in 

macroinvertebrate biomass in ‘old’ wrack deposits. This was attributed to an increase in the 

presence of Diptera larvae (Coelopa spp.), which are larger and heavier than the 

oligochaetes, which typically dominated the biomass at other times of year. The elevated 

biomass of Diptera larvae in March coincided with the onset of the spring migration period 

for waders (Prys-Jones et al., 1992b). This is ecologically important because Diptera larvae 

are a high energy food source for waders on migration (Dierschke, 1998, Prys-Jones et al., 



Chapter 2: Spatio-temporal variability 

  

63 

 

1992a). Variations in the microclimatic conditions of wrack banks, and faunal life cycles, 

were likely to be the main factor influencing the elevated biomasses of wrack 

macroinvertebrates observed in spring. Therefore, it is not possible from this single study to 

conclude that elevated Diptera biomasses are a regular characteristic of wrack banks in 

spring. 

 

The life cycle of kelp flies (Coelopa spp.) is strongly associated with tidal cycles, which 

influences the distribution and deposition of wrack on the beach. Oviposition occurs on 

wrack at all times in the month, but is more frequent after the spring high tides, when wrack 

accumulations are largest, pushed furthest up the shore and will not be disturbed by 

successive tides for at least two weeks (Dobson, 1974). The development of Coelopa spp. 

from oviposition to eclosion (emergence of adults from pupae) last approximately two to 

three weeks, which coincides with the next spring tide. A large amount of variation occurs 

within this typical cycle (Dobson, 1974). Wrack that is washed away and re-deposited with 

each lunar high tide typically only supports a single generation of flies (Dobson, 1974). 

However, wrack banks that persist for considerably longer, such as observed in the Uists, 

may support several generations of Diptera and potentially have higher biomasses.  

 

In ‘old’ wrack deposits the average biomass of macroinvertebrates was 3.6 higher 

than in ‘new’ deposits, and 4.0 times greater than the biomass of benthic infauna at mean 

low water. In addition, certain macroinvertebrates (e.g. staphylinid beetles) were only 

associated with ‘old’ wrack banks (versus ‘new’ wrack) as a results of species succession, 

therefore the protection of ‘old’ wrack is important for the continued existence of later 

colonizers (Ince et al., 2007, Deidun et al., 2009). Decomposing wrack, with its relatively 

warm temperatures, may also provide waders with a constant food supply in cold winter 

months when other key prey items experience a decline in biomass. This was evident from 

the presence of several wader species on beaches in winter which typically feed in terrestrial 

environments (e.g. Golden plovers and Lapwing). 
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2. 6 Conclusions 

 

The wrack banks in the Uists supported some of the highest biomasses of wrack 

macroinvertebrates reported globally. In addition, the biomasses of benthic infauna are the 

highest recorded in Scotland, and could be attributed to the organic enrichment of 

sediments by decomposing kelp. Both the benthic infauna and wrack macroinvertebrates 

present a valuable food source to overwintering and migrating waders, as demonstrated by 

the strong correlation between wrack cover and wader abundance. Removal of wrack could 

negatively impact migrating and overwintering birds by reducing their foraging habitat. 

Furthermore, the biomass of beach-cast wrack was highly variable in time and space, 

suggesting that it is not an ideal candidate for the generation of biofuel by anaerobic 

digestion, which would require a constant feedstock. 
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3 Enrichment of benthic infauna on beaches with 

wrack
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3. 1 Abstract 

 

There is a wealth of information on the macroinvertebrate colonization of wrack 

banks, but comparatively little is known about infauna in the adjacent and underlying 

sediments. To assess the influence of wrack subsidies on benthic infaunal communities a 

‘natural experiment’ was conducted in which benthic infauna were compared on beaches 

with ‘high wrack’ versus ‘low wrack’ cover. Linear mixed effects models were used to assess 

the significance of wrack cover, sediment grain size and beach profile in structuring benthic 

infaunal assemblages in the low-, mid- and high-tide zones. Beach exposure was also 

measured, but there were too few replicate beaches with the same exposure rating to 

include in the linear models. The presence of wrack was associated with a 42 times greater 

biomass (95% CI: 18 – 98, p < 0.05) and 87 times greater abundance (95% CI: 48 – 156, p < 

0.05) of benthic infauna at mean low water on beaches with ‘high’ versus ‘low’ wrack cover. 

There was little evidence indicating that beach profile influenced benthic infaunal 

abundance, biomass and species richness (p > 0.05).  The ‘high wrack’ beaches were 

associated with depleted species richness of benthic infauna, and were dominated by 

opportunistic detritivores (Capitella capitata, Malacoceros fuliginosus and Enchytraeid 

oligochaetes) typical of organically enriched environments. The abundant benthic infauna on 

‘high wrack’ beaches represent a valuable food source for migrating and resident shorebirds, 

and may also be important in the diet of benthic fish.  
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3. 2 Introduction 

 

It is well understood that macroalgal wrack is colonized by an abundance of 

macroinvertebrates, principally Dipteran larvae, talitrid amphipods and their invertebrate 

predators such as beetles, as shown in Chapter 2 (also see review by Colombini and Chelazzi, 

2003). The impact of wrack banks on benthic infauna in adjacent or underlying sediment has 

received less attention on sandy beaches (MacMillan and Quijón, 2012), although it has been 

more extensively studied in estuaries and tidal sand flats (Raffaelli et al., 1989, Raffaelli, 

2000, Bolam et al., 2000, Cardoso et al., 2004, Rossi and Underwood, 2002).  Wrack buried in 

intertidal sediments provides food for infauna, especially opportunistic detritivores, and 

generally increases their abundances up to a threshold (Rossi and Underwood, 2002, Bolam 

et al., 2000, Raffaelli, 2000, Thrush, 1986). Excessive organic loading of sediments affects 

biogeochemical processes (Coupland et al., 2007) and ultimately leads to oxygen depletion 

and the build-up of sulphides, which are toxic to benthic infauna (Neira and Rackemann, 

1996, McLachlan, 1985, McGwynne et al., 1988).  

 

Results from Chapter 2 suggest that benthic infauna in the sediments at mean low 

water were enriched relative to other locations in Scotland, but it was not clear if this was a 

characteristic of all beaches in the Uists, or just those which accumulate wrack. Mounds and 

mats of wrack typically form in the mid- to high-tide zone in the study area, while the lower 

shore is scoured of wrack more frequently. It is possible that the abundance of benthic 

infauna are depleted on the upper shore as a result of hypoxia, while those on the lower 

shore are enhanced by the presence of organic matter where the sediments are more 

oxygenated. In the study area wrack is heterogeneously distributed along the coast, and 

typically accumulates at the south and north ends of beaches adjacent to rocky headlands 

(D. MacPhee, Orasay Nets, South Uist, pers. comm.).  The location of wrack banks depends 

on the direction of the prevailing winds and local hydrographical processes (Orr et al., 2005), 

and certain beaches consistently have large banks of wrack while others are relatively clean.  

This localized nature of wrack accumulations allowed for a ‘natural experiment’ to be 

conducted in which benthic infauna was assessed on beaches with ‘high’ versus ‘low’ loads 

of wrack.  
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The aim of this study was to test the hypothesis that elevated abundances and 

biomasses of benthic infauna were associated with the presence of wrack, and that the 

effect varied with intertidal height (shore level). Evidence of enriched benthic infauna on 

beaches which accumulate wrack would have important implications for the recycling of 

nutrients in wrack through processes of bioturbation (Raffaelli, 2000, Raffaelli, 2006), as well 

as the provision of food (e.g. polychaetes) to shorebirds feeding on benthos (Perez-Hurtado 

et al., 1997, Dugan et al., 2003) and benthic feeding fish using the shallow waters of beaches 

as nursery areas (Gibson and Ezzi, 1987, Gibson et al., 2002). The study included eight 

beaches in the Uists, four of which accumulate ‘high’ loads of wrack and four with ‘low’ 

loads of wrack, and benthic infauna were collected from the low-, mid- and upper shore. The 

approach taken was to: 1) create linear mixed models to assess the response of benthic 

infaunal biomass and abundance to wrack load at the three different intertidal levels, and; 2) 

use multivariate statistics to determine how benthic infaunal species composition varies 

with the wrack load and shore height of the beach.  

 

The three shore levels sampled are thought to best represent the variability and 

diversity of fauna found on sandy beaches (Incera et al., 2006): Mean low water (or low 

swash zone) is where both subtidal and intertidal species are found; mid tide level is where 

only truly intertidal species are found,  and; high water springs (supralittoral zone) is where 

only resident or semi-terrestrial species are found (Incera et al., 2006). Mean low water is 

located in the swash zone at low tide, mid tide level is the tidal position at the intermediate 

time between high- and low-tide, and high water springs is the area above the high water 

drift line (Incera et al., 2006). 

 

3. 3 Materials and methods 

 

3. 3. 1 Study area 

 

During one month (March-April 2011) four beaches with high loads of wrack in the 

intertidal (categorized as ‘high wrack’ beaches) and four with little wrack (categorized as 

‘low wrack’ beaches) were sampled for benthic infauna and percentage wrack cover (Figure 
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3. 1 and Figure 3. 2). Beaches were assigned to wrack categories according to methods 

below. 

 

 

Figure 3. 1: Map showing location of eight beaches sampled for benthic infauna on the 

Uists. High wrack beaches: Hougharry (HG); Aird a’Mhachair (AM); Peninerine (PEN), and; 

Bornish (BOR). Low wrack beaches: Traigh Hornais (TH); Port Scolpaig (PS); Culla Bay (CB), 

and; Ministry of Defence site (MOD). Site coordinates in Appendix 2. 32 (page 305).  
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Figure 3. 2: Photographs of ‘high wrack’ beaches (A-D) and ‘low wrack’ beaches (E-H), 

sampled between March - April 2011, Uists. 
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Knowledge on the distribution of wrack accumulations along the coastline was 

obtained from conversations with local farmers and staff from Scottish Natural Heritage and 

the Royal Society for the Protection of Birds (Uist offices). Each beach was sampled on one 

day between the times of low and high tide, along a standard 300 m length of shore. All 

beaches were of intermediate dissipative morphodynamic type. There was no published 

information on the physical characteristics (sediment grain size, intertidal slope) of these 

beaches, but a more detailed physical characterization is given in the results (section 3. 4. 2). 

However, it is worth noting at this stage that some beaches had steeper slopes and coarser 

grain sizes than others.  

 

3. 3. 2 Quantifying wrack  

 

Wrack percentage cover and biomass was estimated on the beaches as per 

methodology in Chapter 2 (section 2. 3. 4). Beaches were categorized into ‘high’ and ‘low’ 

wrack groups by examining mean (± std. error) percentage wrack cover for each beach. 

Those with less than 5% wrack cover were classified as ‘low wrack’ and those with more than 

20% wrack cover were classified as ‘high wrack’.  

 

3. 3. 3 Benthic infauna 

 

Benthic infaunal samples were collected from the sand on eight beaches, at three 

shore levels: mean low water (MLW); mid tide level (MTL), and; high water springs (HWS). 

Six replicate samples were collected per horizontal shore level using a sediment corer 

according to methods described in Chapter 2 (section 2. 3. 6). If mounds or mats of wrack 

were present (e.g. high wrack beaches) then sand cores were taken from the patches of sand 

adjacent to or in between the wrack. Samples were processed in the laboratory as in section 

2. 3. 8. Species abundance and biomasses were recorded per square metre of each shore 

level.   
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3. 3. 4 Beach characteristics 

 

Average grain size, beach width, beach angle (slope) and exposure rating were 

quantified for the eight beaches. For sand grain size analysis three sand samples were 

collected for low-, mid- and high shore levels using a hand corer (5cm diameter, 10cm deep). 

For each shore level the replicate sand samples were collected approximately 10-30 m apart. 

Samples were wet washed through a 63 µm sieve, then the fraction > 63 µm was oven-dried 

at 60°C for 24 h. The dry sand was sieved through a phi stack of sieves (125 µm, 250 µm, 500 

µm, 1000 µm, 2000 µm) set on a mechanical shaker for 5 minutes, after which the fraction 

of sand retained in each of the sieves was weighed.  Data were analysed using GRADISTAT 

Version 4.0 (Blott and Pye, 2001) to determine mean sand grain size (Harris et al., 2011).  

 

Beach angles and widths were obtained by marking out a line perpendicular to the 

shore from the low-water line to the start of the terrestrial vegetation line. A theodolite was 

used to measure the elevation of the beach relative to the height of the theodolite at 10 m 

intervals along the profile line, and the overall slope (rise/run) for the beach was calculated 

(Dominguez-Granda et al., 2004). The exposure rating of the  beaches were assigned using a 

20 point scale devised by McLachlan (1980), where beaches are given a score relating to 

their wave action, surf-zone width, % very fine sand, median particle diameter, beach profile 

(intertidal slope), depth of reduced layers and presence or absence of animals with stable 

burrows. Beaches with an exposure rating of 1-5 were classified as being very sheltered, 6-

10 were sheltered, 11-15 were exposed and 16-20 were very exposed (Brown and 

McLachlan, 1990). The depth of the reduced layer was determined by digging down until a 

dark line representing hypoxic sand was reached (it was never necessary to dig deeper than 

50 cm into the sand). Beach widths were measure as the distance between mean low water 

and high water springs on the day of sampling. 

 

3. 3. 5 Data analysis: descriptive statistics 

 

Benthic infaunal data were summarized using univariate measures of abundance 

(ind.m
-2

), biomass (g.m
-2

) and species richness. Species richness was calculated for each 
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sample using the Margalef’s index (d), which standardizes the number of genera against the 

number of individuals in the sample, such that:  

 

 * =  + , 1-./01 
(Eq. 3. 1) 

 

Where S is the number of species and N is the total number of individuals in the 

sample (Clarke and Gorley, 2006). Mean and standard error values were calculated for these 

univariate community descriptors for each shore level, for the ‘high-‘and low-wrack’ 

beaches.  

 

3. 3. 6 Data analysis: linear models to assess abundance and biomass 

of benthic infauna 

 

Linear mixed-effects models (LME) were used to test the hypothesis that benthic 

infaunal biomass, abundance and species richness vary in response to wrack load, shore 

level and physical beach parameters. Three separate models were developed for each of the 

response variables: (1) infaunal abundance; (2) infaunal biomass, and; (3) species richness. 

The available explanatory variables were: wrack cover (two levels: ‘high wrack’ and ‘low 

wrack’); intertidal shore level (three levels: ‘MLW’, ‘MTL’, ‘HWS’); grain size; beach angle, 

and; intertidal width. All explanatory variables were fixed effects (as opposed to random) 

and the latter three were continuous explanatory variables. There were not enough replicate 

beaches with the same exposure rating to include exposure as a factor in the analysis (Zuur 

et al., 2009).  

 

Random effects: Since samples were taken from eight different beaches there may 

be variation in benthic infauna data for each beach that cannot be explained by wrack cover, 

grain size or beach angle. This variability could result from unmeasured variables that 

contributed towards the habitat uniqueness on each beach (Pinheiro and Bates, 2000). To 

account for the non-homogenous spread in replicate benthic infauna data from each beach, 

the factor ‘beach’ (eight levels) could be included in the models either as a fixed explanatory  

variable (as for analysis in Chapter 2) or as a random variable (Pinheiro and Bates, 2000, Zuur 

et al., 2009). The use of LME models allows ‘beach’ to be included as a random effect rather 
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than a fixed effect, which has several advantages. Firstly, a single variance parameter is 

estimated for all beaches rather than estimating eight variance parameters (one for each 

beach), as would be the case if beach was a fixed factor. The model results can then be used 

to make inferences to the whole population of beaches in the Uists, rather than only the 

beaches studied (Zuur et al., 2009). Secondly, including beach as a random factor controls 

for spatial auto-correlation in data collected from the same beach (pseudoreplication) by 

imposing a correlation matrix on the data (Zuur et al., 2009). However, if there were neither 

significant spatial auto-correlation, nor heterogeneous residuals among beaches, then beach 

could be excluded (Zuur et al., 2009). 

 

There were two model options available for introducing beach as a random factor 

into the models, namely: (i) a random intercept model using beach as the random factor, 

and; (ii) a random intercept and slope model with an interaction between ‘beach’ and a fixed 

explanatory variable (e.g. shore level within beach). The random intercept model only 

includes ‘beach’ as a random effect, stating that there may be a certain amount of variation 

in benthic infauna data from replicate beaches. The random intercept and slope model is 

used if the benthic infauna (abundance or biomass) demonstrate a different response to the 

fixed factors (e.g. shore level) depending on the beach, indicating that an interaction term 

needs to be added (Zuur et al., 2009).  

 

Modelling procedure: Data exploration was initially performed whereby the 

response variables were plotted against the explanatory variables to assess 

heteroscedasticity. Biomass (g.m
-2

) and abundance (ind.m
-2

) values were log10 transformed 

to reduce the spread of the data and the effect of outliers, and ensure that negative 

abundance and biomass values were not predicted by the models.  Alternative distributions 

such as the Poisson or Negative Binomial could not be used to model the data (as in Chapter 

2) because these distributions require the data to be discrete (integer), whereas the biomass 

data for benthic infauna are continuous (in g.m
-2

). Log transformation was the final solution 

for meeting assumptions of homogeneity in the residuals. No transformations were required 

for species richness data.  
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Co-plots and boxplots were used to explore possible interactions between the fixed 

factors and the response variables (Crawley, 2007, Zuur et al., 2009). The only factors that 

showed any sign of an interaction were wrack cover and intertidal shore level. Collinearity 

(correlations) between the explanatory variables was examined using pairplots with Pearson 

correlation coefficients (r) and by calculating the variance inflation factor (VIF) for each 

variable (Zuur et al., 2010, Zuur et al., 2009). For an explanation of collinearity and VIFs see 

Appendix 1. 3 (page 255). Explanatory variables showing several high correlations with other 

explanatory variables were removed from the list of variables available for linear modelling. 

Only variables that showed weak or no correlations and that had VIFs<3 were retained for 

statistical analysis (Zuur et al., 2010).  

 

The model selection and fitting process was performed according to Zuur et al. 

(2009). For each response variable the ‘beyond optimal’ generalized-least squares model 

(GLS) was fitted containing all the fixed effects with an interaction between wrack cover and 

shore level. The model was then refitted with: (i) ‘beach’ as a random factor (random 

intercept model), and (ii) an interaction between the random factor ‘beach’ and each of the 

explanatory variables (random intercept and slope model). The relative goodness of fit of the 

models (with and without the different random structures) were assessed using Likelihood-

ratio (L-ratio) tests and the Akaike Information Criterion (AIC) (Zuur et al., 2009). Beach was 

retained as a random factor in the model only if it significantly improved model fit (p < 0.05), 

and lowered the AIC value (Zuur et al., 2009). The residuals were plotted against the fitted 

values, as well as against the explanatory variables. If there was an unequal spread in the 

residual for any of the fixed explanatory variables then the model was updated to include 

necessary variance covariates (Zuur et al. 2010, and Appendix 1. 2 (page 255) for an 

explanation of variance covariates). Model fit and the significance of fixed effects were 

assessed with Likelihood ratio tests whereby the fixed explanatory variables were dropped in 

turn and only variables that explained a significant (p < 0.05) amount of variation in the data 

were retained in the model. 

 

The final models were validated to verify that the residuals met the statistical 

assumptions of normality, homogeneity of variances and independence. Normality was 

assessed by plotting the theoretical quantiles versus the standardized residuals (Q-Q plot) 
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(Zuur et al., 2009)9. Assumptions of homogeneity were checked by plotting residuals for the 

models against the fitted values, and independence was examined by plotting the residuals 

versus each of the explanatory variables (Zuur et al., 2009)
9
. Final model coefficients were 

obtained using restricted maximum likelihood (REML) estimation (Zuur et al., 2009). All GLS 

and LME models were fitted in R 2.15.0 with the package nlme (R Development Core Team, 

2010, Pinheiro et al., 2012).  

 

3. 3. 7 Data analysis: multivariate analysis of community structure 

 

Multivariate analysis was used to identify if there were differences in species 

composition on ‘high-‘ and ‘low wrack’ beaches, at the three intertidal shore levels. Non-

metric multi-dimensional scaling (nMDS) plots were constructed from Bray-Curtis 

dissimilarity matrices, and these plots were used to assess grouping, or similarity of benthic 

infaunal samples according to their species composition (see Appendix 1. 4, page 257, for a 

brief explanation of nMDS and Bray-Curtis dissimilarities). In nMDS plots the points that are 

closer together represent samples that are very similar in community composition, while 

points far apart are dissimilar (Clarke and Gorley, 2006). To identify the optimal nMDS 

ordination (lowest stress value) the nMDS routine was repeated for un-transformed, square- 

and fourth-root transformed data. Stress values represent how well an ordination 

configuration represents the original dissimilarity matrix (Clarke and Warwick, 1994), and are 

a measure of goodness of fit. Stress values <0.1 reflect a good fit while stress values close to 

0.2 indicate poor fit (Clarke and Warwick, 1994).  

 

A non-parametric permutation multivariate analysis of variance (perMANOVA) was 

used to test if the factors wrack load and shore level had a significant effect on benthic 

infaunal species composition (Oksanen et al., 2011). PerMANOVA conducts a multivariate 

analysis of variances (linear model) on the Bray-Curtis dissimilarity matrix of species 

abundance (response) versus the fixed effects: wrack load, shore level, and an interaction 

between wrack load and shore level. To account for the non-independence of samples taken 

                                                        
9
 The R code for models are shown in Appendix 3.  4 (page 313): A3.4.1 (biomass), A3.4.2 (abundance) and 

A3.4.3 (species richness). Model outputs are shown in Appendix 3.  5 (page 315): A3.5. 1 (biomass), A3.5. 2 

(abundance) and A3.5. 3 (species richness).  Model validations are shown in Appendix 3.  6 (page 318): A3.6. 1, 

(biomass) A3.6. 2 (abundance) and A3.6. 3 (species richness). 
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from the same beach, the perMANOVA was restricted so that permutations were only made 

within the factor ‘beach’ (8 levels), and not across beaches (Oksanen et al., 2011). Species 

abundance data were not transformed for the perMANOVA and the analysis was conducted 

on the whole dataset. The multivariate analysis was performed with the package vegan 

(Oksanen et al., 2011) in R 2.15.0 (R Development Core Team, 2010). 

 

3. 4 Results 

 

3. 4. 1 Categorizing ‘high-’ and ‘low wrack’ beaches 

 

The average (± std. error) percentage cover of wrack on the eight beaches is shown in 

Figure 3. 3 below:  

 

Figure 3. 3:  Mean percentage wrack cover ± standard error (n = 4) on eight beaches. 

Beaches have been grouped according to ‘high wrack’ and ‘low wrack’ cover. Beach name 

abbreviations are shown in Figure 3. 1 (page 69). 

 

Bornish (BOR), Peninerine (PEN), Aird a’Mhachair (AM) and Hougharry (HG) were 

clearly covered with more wrack than the Ministry of Defence site (MOD), Culla Bay (CB), 

Port Scolpaig (PS) and Traigh Hornais (TH), which were virtually clear of wrack. The former 
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group of beaches was thus classified as ‘high wrack’ beaches and the latter as ‘low wrack’ 

beaches. The average (± std. error) percentage cover of wrack on ‘high wrack’ beaches 

versus ‘low wrack’ beaches was 44.7% (± 4.2 %, n = 4) and 2.3% (± 0.23%, n = 4) respectively. 

Wrack biomass values exhibited similar trends to percentage cover across the beaches, and 

are available in Appendix 2. 9 (page 274).  

 

3. 4. 2 Physical characteristics of sites 

 

All the beaches were of intermediate dissipative type with small waves (<1 m) and 

classified as ‘sheltered’ using the global exposure rating scale (Brown and McLachlan, 1990). 

Their classification as sheltered can be attributed to their relatively small wave size, gentle 

slopes, low percentage of very fine sand (62-125 µm) and general presence of animals with 

burrows. However, the localized degree of shelter varied within the beaches sampled, as can 

be seen by the slightly different exposure ratings (Table 3. 1). Beach width ranged from 85 – 

178 m with shallow slopes (1/26 – 1/44) and medium-fine grained sand with mean grain 

sizes ranging from 237-425 µm (Table 3. 1). Wilcox rank tests show that for ‘high wrack’ 

versus ‘low wrack’ beaches there was no significant difference in mean grain size (p = 0.057), 

intertidal width (p = 0.461), beach profile (p = 0.657) and exposure (p = 0.766), although the 

average grain size for ‘low wrack’ beaches (332 µm) was notably greater than for ‘high 

wrack’ beaches (236 µm), as shown in Table 3. 1.  

 

Table 3. 1: Physical characteristics of beaches with ‘high’ and ‘low’ loads of wrack 

Beach Wrack 

cover 
Intertidal 

width (m) 
Beach profile 

(slope, degrees) 
Mean ± std 

dev. grain 

size (µm) 

Exposure 

rating 
Exposure 

description 

Traigh Hornais Low 85 1/26, 2.2° 332 (± 115) 9 Sheltered 

Port Scolpaig Low 120 1/26, 2.2° 331 (± 49.9) 7 Sheltered 

Culla Bay Low 122 1/26, 2.2° 425 (± 80.1) 10 Sheltered 

MOD (Geirinis) Low 176 1/41, 1.4° 283 (± 49.8) 8 Sheltered 

Peninerine High 147 1/44, 1.3° 236 (± 158) 8 Sheltered 

Bornish High 122 1/24, 2.4° 264 (± 54.7) 9 Sheltered 

Hougharry High 120 1/28, 2.0° 306 (± 76.6) 9 Sheltered 

Aird a’ Mhachair High 178 1/39, 1.5° 248 (± 98.3) 7 Sheltered 
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3. 4. 3 Description of benthic infaunal assemblages 

 

A total of 38 taxa of benthic infauna were recorded on ‘low wrack’ beaches 

(Appendix 2. 10, page 275), and 17 on ‘high wrack’ beaches (Appendix 2. 11, page 277). 

Many of the species recorded on ‘low wrack’ beaches were only occasionally observed, 

whereas ‘high wrack’ beaches were dominated by a few ubiquitous opportunistic species. 

On average, the mean biomass (g.m
-2

) and abundance (ind.m
-2

) of benthic infauna was 

greater on ‘high wrack’ beaches when compared to ‘low wrack’ beaches (Table 3. 2).  

 

Table 3. 2: Mean (± stand. error, n = 6) abundance and biomass of benthic infauna at the 

three different shore levels for ‘high’ and ‘low’ wrack beaches (reported to three 

significant figures). 

 Shore Level ‘high’ wrack ‘low’ wrack 

Abundance (Ind.m
-2

) x 10
3 

Mean low water 12.1 (± 2.10) 0.108 (± 0.014) 

Mid tide level 0.432 (± 0.0931) 0.589 (± 0.163) 

High water springs 9.98 (± 3.76) 1.73 (± 0.483) 

Overall 7.53 (± 1.56) 0.813 (± 0.186) 

Biomass (g.m
-2

) Mean low water 282 (± 42.6) 7.31 (± 2.06) 

Mid tide level 3.32 (± 0.790) 1.54 (± 0.260) 

High water springs 33.0 (± 11.1) 12.4 (± 2.79) 

Overall 105 (± 20.2) 7.10 (± 1.26) 

 

Infauna on ‘low wrack’ beaches: The low- and mid-tide shore levels of ‘low wrack’ 

beaches were characterized by the presence of the polychaete, Scolelepis squamata, 

burrowing amphipods such as Pontocrates spp. and Bathyporeia spp. and the isopod, 

Eurydice pulchra (Appendix 2. 10, page 275). Talitrid amphipods and enchytraeid 

oligochaetes were abundant at high water springs.  Seven Dipteran species were recorded at 

high water springs, of which three were found exclusively on ‘low wrack’ beaches, namely: 

Fucellia maritime, Scaptomyza graminum and Helcomyza ustulata. These species are known 

to prefer habitats with thin strings of wrack as opposed to deep wrack banks (Backlund, 

1945). Staphylinid beetles and the scavenger water beetle, Cercyon littoralis, were also 

recorded at high water springs but at abundances that were relatively low (12 - 29 ind.m
-2

) 

compared to other fauna.  
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Infauna on ‘high wrack’ beaches: Two species of opportunistic polychaete 

(Malacoceros fuliginosus and Capitella capitata) dominated the sediments at mean low 

water, with average abundances of 5 054 and 7 147 ind.m
-2

 respectively (Appendix 2. 11, 

page 277). With the exception of a few Bathyporeia spp. there was a scarcity burrowing 

amphipods or isopods found at mean low water, and this was in contrast to ‘low wrack’ 

beaches. The overall abundance and biomass of fauna at mid tide level were several orders 

of magnitude below those recorded at mean low water, and were dominated by C. capitata 

and enchytraeid oligochaetes. The fauna at high water springs were overwhelmingly 

dominated by enchytraeid oligochaetes (average 9 632 ind.m
-2

), with a few species of 

Diptera (mostly Coelopa spp.) and Coleoptera (Staphylinidae and Cercyon littoralis) present. 

Orchestia gammarellus was the only talitrid amphipod recorded in the sand of ‘high wrack’ 

beaches. Amphipods such as Talitrus saltator, which are as usually associated with 

strandlines, were absent.  

 

3. 4. 4 Patterns of infaunal abundance and biomass 

 

The log10Biomass and log10Abundance data for benthic infauna on each beach are shown 

below in Figure 3. 4. The data are presented as log10 transformed because those were the 

response variables used for linear models. Abundance and biomass data showed similar 

trends. There were different patterns of infaunal distribution across the intertidal shore 

levels of each beach (Figure 3. 4). On ‘high’ wrack’ beaches abundances and biomasses 

decreased between MLW – MTL and then increased again between MTL – HWS (Figure 3. 4, 

A). Within ‘low wrack’ beaches the across shore level patterns were less obvious, but 

abundances and biomasses tended to increase from MLW to HWS (Figure 3. 4, B). However, 

when comparing between wrack loads, the abundance and biomasses of benthic infauna at 

MLW on ‘high wrack’ beaches were consistently greater than at MLW on ‘low wrack’ 

beaches.  
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Figure 3. 4: log10Biomass (A) and log10Abundance (B) of benthic infauna at three shore 

levels on 8 beaches, which had ‘high’ or ‘low’ wrack cover. Points represent replicate 

samples (n=6) per shore level. High wrack beaches: Hougharry (HG); Aird a’Mhachair (AM); 

Peninerine (PEN), and; Bornish (BOR). Low wrack beaches: Traigh Hornais (TH); Port 

Scolpaig (PS); Culla Bay (CB), and; Ministry of Defence site (MOD). MLW = mean low water, 

MTL = mid tide level, HWS = high water springs 

 

(A) 

(B) 
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3. 4. 5 Collinearity among explanatory variables  

 

Scatter plots and correlation coefficients for explanatory variables (Figure 3. 5) 

showed that the physical characteristics of the beach (grain size, intertidal angle and beach 

width) were highly correlated, which is typical of sandy beaches.  

 

Figure 3. 5: Pairplot showing relationships between explanatory variables. The panels 

above the diagonal show the Pearson correlation coefficients, and the size of the font is in 

proportion to the correlation value. The panels below the diagonal show the pair-wise 

scatterplots to which a smoothing curve (LOESS) was added. Variables units are shown in 

Table 3. 1. Wrack = wrack cover (%), Shore = shore level (MLW, MTL, HWS), Grain = grain 

size (µm), Angle = intertidal beach angle (degrees), Width = intertidal width (m). 

 

It was only necessary to include one of these collinear physical parameters in the 

linear models for infaunal biomass, abundance and diversity because they were statistically 

all related.  Therefore, the most strongly correlated variables  were removed from the linear 
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modelling procedure. Grain size was removed from the analysis because it showed strong 

Pearson’s correlation coefficients with wrack load (r = 0.70), beach angle (r = 0.57) and 

intertidal width (r = 0.52). ‘High wrack’ beaches had a smaller average grain size than ‘low 

wrack’ beaches, and for larger grain sizes, beach angle increased and beach width 

decreased.  Excluding grain size from the statistical analysis was also justified by the variance 

inflation factor (VIF) of 2.9, which was bordering on the cut-off of 3 for highly collinear 

variables. In addition, beach width was removed from the analysis because it was strongly 

correlated with beach angle (r = 0.80), and had a VIF of 2.8. Therefore, the uncorrelated 

explanatory variables remaining for linear modelling were wrack cover, shore level and 

beach angle.  

 

3. 4. 6 Linear models for benthic infauna 

 

After removing the collinear variables (grain size and beach width), the starting 

models for the biomass, abundance and species richness of benthic infauna were: 

 

Response = α + β1∙Wrack cover + β2∙Shore level 
+ β3∙Wrack cover:Shore level + β4∙Beach angle + ε 

(Eq. 3. 2) 

 

 

Where: The response is either log10Abundance, log10Biomass or species richness (d); 

the notation ‘:’ denotes an interaction; α is the intercept (which will change for each 

combination of categorical variables); βn is the slope for each explanatory variable n, and; ε 

the residual variation, assumed to be normally distributed with a standard deviation of σ
2
, 

i.e. ε~(0, σ
2
). The final models and results are summarized below.  

 

Biomass of benthic infauna: The optimal model (OM) was a LME model, which 

predicted log10(infaunal biomass) as a function of wrack cover and shore level (Table 3. 3).  

The interaction between wrack cover and shore level had a very significant effect on infaunal 

biomass (L = 15.7, p < 0.0001, df = 14), but beach angle did not (L = 1.53, p = 0.215, df = 15) 

so was dropped from the model. Infaunal biomass values were allowed to vary randomly 

between beaches, and between shore levels within beaches (i.e. a random intercept and 

slope LME model). For further explanation on the random intercept and slope component in 
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this model see Appendix 1. 5 (page 259). The model allowed for unequal variances for each 

shore level by including a variance covariate for shore level (Table 3. 3).  

 

Table 3. 3: Summary of the significance of fixed-, random- (α), and variance covariate- (β) 

terms remaining in the final models 

Model Model Term df L-ratio* P 

log10Biomass Wrack cover:Shore level 13 22.83 <0.0001 

 Shore level|Beach
α 

14 56.26 <0.0001 

 Shore level
β 

16 9.233 0.0099 

log10Abundance Wrack cover:Shore level 13 22.83 <0.001 

 Shore level|Beach
α
 14 56.26 <0.0001 

 Shore level
β 

16 89.23 0.0099 

Species richness Wrack cover 11 8.027 0.0046 

 Shore level|Beach
α 

14 25.12 <0.0001 

 Wrack cover
β 

15 40.31 <0.0001 

Where ‘:’ denotes the interaction between fixed factors, and ‘|’ denotes an interaction 

between a random effect and a fixed effect. If an interaction is included between the fixed 

effects, then those factors are also included individually as main effects in the model but not 

shown.   

 

‘High wrack’ beaches were associated with a significant enrichment of benthic 

infaunal biomass at mean low water (MLW) when compared to MLW on ‘low wrack’ beaches 

(t = 8.622, p < 0.0001, df = 6), Figure 3. 6 (A). Back transformation of the LME results 

revealed that the biomass of benthic infauna in the low water zone of ‘high wrack’ beaches 

was predicted to be 42 (95% CI: 18 – 98) times greater than the mean biomass on ‘low 

wrack’ beaches. Wrack cover did not have a significant effect on benthic infauna biomass at 

mid tide level (t = 0.602, p = 0.5688, df = 6) or at high water springs (t = 0.5177, 

p = 0.6232, df = 6), Figure 3. 6 B and C respectively.   
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Figure 3. 6: Predicted mean (± 95% CIs) for the log10Biomass of benthic infauna at the three 

different intertidal shore levels on beaches with a ‘high’ and ‘low’ cover of wrack. 

Predictions were obtained from the optimal LME model. The original log10Biomass data 

are superimposed as grey points.  

 

Abundance of benthic infauna: The optimal model (OM) describing infaunal 

abundance (ind.m
-2

) was a LME random intercept and slope model with the same 

parameters as that for biomass, Table 3. 3. Benthic infaunal abundance did not vary 

significantly with beach angle, so beach angle was removed from the model (t = -2.363, p = 

0.0645, df = 5). The interaction between wrack cover and shore level (Wrack:Shore level) 

had a highly significant effect on the abundance of benthic infauna (Table 3. 3) specifically at 

mean low water (Figure 3. 7, A). The ‘high wrack’ beaches were associated with a significant 

enrichment in benthic infaunal abundance at mean low water when compared to MLW on 

the ‘low wrack’ beaches (t = 14.72, P < 0.001, df = 6), Figure 3. 7 (A). Back transformation of 

model results predicted that ‘high wrack’ beaches supported 87 times (95% CI: 48.0 – 157) 

more individuals at mean low water than ‘low wrack’ beaches at mean low water. Wrack 

cover did not have a significant effect on benthic infaunal abundance at mid tide level 

(t = 0.37, P = 0.72, df = 6), Figure 3. 7 (B,) or at high water springs (t = 1.35, P = 0.22, df = 6) 

Figure 3. 7 (C).   
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Figure 3. 7: Predicted mean (± 95% CIs) for the log10Abundance of benthic infauna at the 

three different shore levels on beaches with a ‘high’ and ‘low’ cover of macroalgal wrack. 

Predictions were obtained from the optimal LME model. The original log10Abundance data 

are superimposed as grey points. 

 

Species richness of benthic infauna: The OM describing the species richness 

(Margalef’s index, d) of benthic infauna was a LME model that allowed for unequal variances 

for wrack cover, and random variation in diversity values between shore levels on each 

beach (Shore level|Beach) (Table 3. 3).  Neither beach angle nor intertidal shore level had a 

significant effect on species richness (L = 0.083, p = 0.773, df = 14 and L = 2.002, p = 0.367, df 

= 10 respectively), so were excluded as fixed effects from the model. Wrack cover explained 

a significant amount of variation in species diversity (Table 3. 3). ‘High wrack’ beaches were 

predicted to have significantly lower species richness (Margalef’s index) of benthic infauna 

than ‘low wrack’ beaches (Figure 3. 8).   
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Figure 3. 8: Mean (± 95% CIs) predicted by the LME model for benthic infaunal species 

richness (Margalef’s index, d) on ‘high wrack’ and ‘low wrack’ beaches. The original data is 

represented by grey dots.   

 

3. 4. 7 Multivariate analysis of species assemblages 

 

A single nMDS plot was constructed for all samples (Figure 3. 9) in which it was 

possible to clearly see the different groupings (assemblages) of benthic infauna for ‘high 

wrack’ versus ‘low wrack’ beaches. Different species assemblages were also clearly seen for 

the shore levels HWS and MLW. The nMDS plots for biomass data were very similar to that 

for abundance data and so are not presented. The lowest stress value (best fitting nMDS 

ordination) was obtained from the 1
st

 square root-transformed data. However, the stress 

value was 0.155 indicated that the nMDS plots should be interpreted with caution and 

general groupings of sampling sites were assessed rather than absolute distances between 

sites. The ‘low wrack’ beaches were characterized by a greater species richness of benthic 

infauna, whereas ‘high wrack’ beaches were dominated by a few opportunistic species as 

described in section 3. 4. 4 (page 80). The perMANOVA confirmed that wrack cover and 

shore level had a significant effect (p = 0.001) on the infaunal species composition (Table 3. 

4). 
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Figure 3. 9: Non-metric MDS plot for 1
st

 square root transformed infauna abundances 

showing differences in community structure between ‘high wrack’ and ‘low wrack’ 

beaches at three shore levels: HWS = high water springs; MLW = mean low water; MTL = 

mid tide level. Points represent sediment samples.  

 

 

Table 3. 4: Results of perMANOVA to test for the effects of wrack cover and shore level on 

the Bray-Curtis dissimilarity matrix of infauna species abundances.  

df SS MS F-Model R
2
 (SS/total SS) Pr(>|F|) 

Wrack cover 1 5.49 5.49 33.26 0.129 0.01 

Shore level 2 9.70 4.85 29.35 0.227 0.01 

Wrack cover : shore level 2 4.64 2.32 14.05 0.108 0.01 

Residuals 138 22.81 0.166 0.534 

Total 143 42.65 1 

The notation ‘:’ denotes and interaction, SS = sum of squares, MS = mean sum of squares 
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3. 5 Discussion 

 

The research in this chapter assess the influence of wrack cover on the abundance, 

biomass and species richness of benthic infauna at three different intertidal shore levels, and 

also takes physical beach characteristics into account. It shows that wrack is associated with 

the enrichment of benthic infauna at mean low water, which may enhance the foraging 

opportunities available for higher trophic level fauna such as birds and fish. This is the first 

time in which enrichment of benthic infauna has been demonstrated in the low water zone 

of beaches that accumulate wrack.  

 

3. 5. 1 Beach characteristics 

 

The Uist Islands have unique coastal features in Scotland that are characteristic of 

barrier islands (Dawson et al., 2012), and the combination of plentiful wrack supply and 

shelter from the nearshore reefs may be uncommon to beaches elsewhere in Scotland. It is 

imperative to note that ‘high wrack’ beaches had a smaller average grain size than ‘low 

wrack’ beaches, therefore similar hydrodynamic processes may influence the transport and 

deposition of wrack and the transport of sand and fauna. A decrease in grain size and slope 

is typically associated with an increase in faunal abundance (Brown and McLachlan, 1990). In 

addition, ‘high wrack’ beaches were mostly mixed shores, with outcrops of rocks in the 

intertidal zone and the shallow sublittoral zone. These rocky outcrops may provide localized 

shelter that facilitate the accretion of finer grained sediments (Brown and McLachlan, 1990), 

and also allow wrack to accumulate. This is supported by a study in Spain, where the supply 

of wrack to beaches was influenced by interactions between wave exposure and 

topography, and wrack accumulated on small wave-sheltered beaches (Barreiro et al., 2011). 

The effects of wrack on infaunal abundance and biomass would thus be confounded by the 

effects of beach morphodynamics on infauna. However, the difference in the abundance and 

biomass of benthic infauna between ‘high’ and ‘low’ wrack beaches was so large, that it is 

hard to argue that a response of this magnitude could occur purely due to changes in grain 

size and beach slope.  As MacNeil (2008) debates: if the response to a tested effect is 

extraordinarily large, then confounding variables play less of a role in obscuring the results. 

Limitations in time and resources prevented the collection of data on the organic content of 
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the sand; however, it was presumed to be collinear with the percentage cover of macroalgal 

wrack on the beach, and would have an effect on faunal abundances (Malm et al., 2004). 

This should be tested in future. 

 

3. 5. 2 Relationship between benthic infauna and wrack 

 

Wrack cover influenced benthic fauna, and its affect changed according to shore 

level. There was a significant enrichment in the biomass and abundance of benthic infauna 

(mainly polychaetes) found at mean low water on beaches with a ‘high wrack’ compared to 

beaches with ‘low wrack’ cover. Benthic fauna were comparatively impoverished at mid- and 

high tide zones on ‘high wrack’ beaches, with the exception of enchytraeid oligochaetes 

which were ubiquitous and abundant. This taxon is typical of areas with reduced oxygen and 

high organic loading (Giere, 2006, Bolam et al., 2000, McGwynne et al., 1988). The results of 

the mixed effect models predicted that beach angle did not have a significant effect on the 

benthic infaunal biomass and abundance. However, it is likely that the range of beach angles 

was not large enough for an effect to be observed. The effects of grain size were not tested 

due to collinearity with wrack cover, however it is probable that these factors combined 

influenced the abundances and biomasses of benthic infauna in a non-linear way (Yamanaka 

et al., In press). It is a common feature on sandy beaches for macroinvertebrate abundance 

to increase as grain size decreases (Schlacher et al., 2008), therefore  the more sheltered 

nature of the ‘high wrack’ beaches (smaller grain size) combined with the organic loading is 

likely to make them ideal environments for dense polychaete communities to develop 

(Brown and McLachlan, 1990).  

 

On the ‘high wrack’ beaches the depleted abundances of benthic infauna at mid- and 

high-tide levels may be associated with hypoxic sediment conditions, which were evident 

from the dark patches of sand (measuring ~ 5-40 cm wide) and the sulphurous smell (Neira 

and Rackemann, 1996). In many instances, gases (possibly H2S) could be seen bubbling from 

under the sediment on the upper shore when wrack was present. Elsewhere in Scotland, 

accumulations of wrack on top and within sediments were found to increase the biological 

oxygen demand of the sediments, isolate benthos from overlying oxygenated water, and 

decrease local current velocity (Wilding, 2006). These related factors, combined with less 
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tidal flushing between mid- and high tide zones where wrack accumulated, could result in 

the observed  hypoxic conditions that are unsuitable for many beach fauna, except a few 

specialist species (Neira and Rackemann, 1996, McGwynne et al., 1988). On these ‘high 

wrack’ beaches the majority of fauna at the mid- and high- tide zones is likely to be 

inhabiting the wrack banks rather than the adjacent and underlying sediments (MacMillan 

and Quijón, 2012), as observed by high densities of wrack macroinvertebrates in Chapter 2. 

The hypoxic black patches of sand and sulphurous smell were less prevalent at mean low 

water on ‘high wrack’ beaches. These observations suggest that on ‘high wrack’ beaches the 

fauna in the low tide zone benefit from greater food availability in the form of decaying 

macroalgae, but do not suffer from the hypoxia experienced on the mid- and high-tide zones 

(McGwynne et al., 1988).  

 

3. 5. 3 Benthic infaunal assemblages 

 

The two opportunistic polychaete species that dominated mean low water on ‘high 

wrack’ beaches (Malacoceros fuliginosus and Capitella capitata) are both non-selective 

deposit feeders that thrive in disturbed environments, such as those that are organically 

enriched (Fauchald and Jumars, 1979, Pearson and Rosenberg, 1978, Gorostiaga et al., 

2004). M. fuliginosus is usually absent on Scottish sandy beaches, although has been 

observed in high abundances associated with macroalgal mats in estuaries (Lewis et al., 

2003) under fish farms (Hansen et al., 2001), and on sand flats (Bolam et al., 2000). Like 

Capitellids, M. fuliginosus is highly tolerant of organic enrichment, elevated sulphide 

concentrations (Hansen et al., 2001, Thrush, 1986) and low sediment oxygen concentrations 

(Gorostiaga et al., 2004). Elsewhere, manipulative experiments have shown that macroalgae 

buried in intertidal sediments (mainly estuaries) led to an increase in the abundance of 

Capitellidae, M. fuliginosus and oligochaetes, and a decline in species diversity (Rossi and 

Underwood, 2002, Bolam et al., 2000, Raffaelli, 2000). Subtidal accumulations of decaying 

kelp in Lough Hyne (Ireland) also resulted in increased abundances of M. fuliginosus and C. 

capitata and a loss of rare species (Thrush, 1986).  

 

Distinctly different benthic infaunal communities were found on ‘low wrack’ beaches, 

which were characterized by a greater species richness and lower abundance of fauna than 
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‘high wrack’ beaches.  The fauna were typical of sandy beaches with little or no organic 

matter, mobile sediments and exposed to moderately exposed shores in the United Kingdom 

(Connor et al., 2005). Talitrid amphipods (Talitrus saltator) were abundant on ‘low wrack’ 

beaches but were virtually absent on ‘high wrack’ beaches. This is unusual because talitrid 

amphipods are usually abundant on strandlines (Dugan et al., 2003, Lastra et al., 2008, Adin 

and Riera, 2003). Their absence in on ‘high wrack’ beaches may be linked to hypoxic 

conditions on the upper shore (McLachlan, 1985), which prevent them from burrowing into 

the sand.  

 

3. 5. 4 The role of benthic infauna in ecosystem functioning 

 

The enriched benthic infauna at mean low water on ‘high wrack’ beaches may 

facilitate the regeneration of nutrients from wrack, and subsequent release to nearshore 

waters where they are available for the growth of primary producers (Bulling et al., 2010, 

Raffaelli, 2006). Such nutrient regeneration from the benthos has been identified as an 

ecosystem service that is critical for the functioning of marine environments and persistence 

of marine communities (Bulling et al., 2010, Solan et al., 2004).  Benthic infauna facilitate the 

oxygenation of sediments through bioturbation (e.g. by burrowing), which  influences the 

biomass of interstitial fauna (Bauer et al., 1988), the rate of organic matter decomposition 

and the release of nutrients (Solan et al., 2004). Reduced benthic infauna diversity and 

species richness has been associated with a decline in bioturbation, and a considerable loss 

in ecosystem function (Bulling et al., 2010, Solan et al., 2004).  

 

Infaunal species richness was notably reduced on ‘high wrack’ beaches. However, it is 

probable that the enhanced biomass of polychaetes and oligochaetes still facilitate the 

recycling of nutrients and play a large role in ecosystem functioning. One of the dominant 

polychaete species on ‘high wrack’ beaches (Capitella capitata) reportedly increases 

microbial activities, and degradation of organic matter in sediments (Bauer et al., 1988). In 

addition, Solan et al. (2004) found that if species are lost from sediment in order of their 

rarity (as is probably the case on the Uist beaches), then there is no notable change in the 

bioturbation, and hence nutrient release, because the proportional change in bioturbation is 

small.  
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3. 5. 5 Benthic infauna in coastal food webs 

 

The Uists are an important location for overwintering, breeding and migrating 

waders (Prys-Jones et al., 1992b), as highlighted in Chapter 2. In addition to wrack 

macroinvertebrates, the abundant polychaete communities found on beaches which 

accumulate wrack may be important in the diet of several wader species (Jackson, 1988, 

Perez-Hurtado et al., 1997, Robinson, 2005). Wrack banks are highly transient, and may be 

washed away after extreme high tides and storms. This would result in the temporary loss of 

a foraging habitat for waders. However, benthic infauna on ‘high wrack’ beaches are 

consistently present, except in the most extreme storms where the surface sediments may 

be scoured away along with the fauna (Harris et al., 2011), or over winter months when 

biomasses are depleted (Chapter 2). The greater biomass and abundance of benthic infauna 

on ‘high wrack’ beaches thus provides an element of ‘redundancy’ when food resources 

available to birds may fluctuate depending on the nature of wrack depositions.  

 

Scotland’s sandy beaches are also utilized as nursery areas for a number of 

commercially important benthic fish species (Gibson et al., 1993). Polychaetes on sandy 

beaches are a key food source for several of these benthic fish, such as European plaice 

Pleuronectes platessa and sole Limanda limanda, and contribute up to 41 % towards their 

diet (Gibson and Ezzi, 1987).  Therefore, the enrichment of polychaetes by wrack may 

enhance the secondary production of these fish, and boost the economic value of the 

coastline (See Chapter 4 for further research and discussion on this topic).  

 

Removal of macroalgal wrack from beaches may reduce the organic loading of 

sediments, resulting in a decline in detritivorous polychaetes at mean low water. Complete 

removal of wrack from beaches may result in benthic infaunal communities becoming more 

similar to those on ‘low wrack’ beaches (Lavery et al., 1999), where abundances and biomass 

were an order of magnitude lower. A reduction in the abundance and biomass of benthic 

infauna may have significant negative impacts on higher trophic level fauna such as waders 

and fish. This is true in southern California, where the decline of shorebirds was linked to the 

reduced input of kelp (as a result of beach cleaning) and associated reduction in prey species 
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available to birds (Bradley and Bradley, 1993, Dugan et al., 2003). However, before 

meaningful predictions can be made about the impact to waders if wrack is removed, further 

work is required to assess the importance of sandy beach macroinvertebrates as a food 

resource relative to those found in other habitats. These include food found on adjacent 

rocky shores, wetlands and arable land. Further dietary analysis is needed to assess the 

trophic links between benthic infauna and their predators, such as fish and birds, on beaches 

which accumulate wrack.   

 

3. 5. 6 Sample design and statistical modelling 

 

The structure of benthic infaunal communities on sandy beaches is spatially variable, 

and accounting for this variability is a major challenge (Schlacher et al., 2008). Variability 

occurs at many scales, including along the beach (at different shore levels parallel to the sea) 

and across the intertidal zone (perpendicular to the shore). Benthic infauna may also vary on 

large geographical scales (100s of kilometres) and small scales (centimetres) within certain 

habitats (Chapman et al., 2010). In some instances the variation across small scales (cm’s) 

can be greater than across large scales (Chapman et al., 2010), and this is because many of 

the processes affecting benthic infauna occur locally (<1 m) within larger habitats (Chapman 

et al., 2010). For example water movement and sedimentation may change according to 

topography, bioturbating animals may affect small patches of sediments, there may be 

localized areas of hypoxia associated with wrack burial, and growth of micro-algae may vary 

depending on localized conditions (Chapman et al., 2010). The distribution of benthic 

infauna on a beach may also be spatially patchy due to the reproductive traits of organisms 

(Zajac et al., 1998). The interaction between the biotic and abiotic factors would result in 

small-scale patchiness and spatial auto-correlation that is not immediately apparent at the 

time of sampling, and thus cannot be incorporated into a statistical model used to describe 

the benthic infaunal communities (Schlacher et al., 2008). This inherent spatial 

heterogeneity can thus result in variable responses which are not accounted for in the 

experimental treatment (Scheiner and Gurevitch, 2001). Prior to sampling it would have 

been advantageous to obtain an estimate of the patch size (spatial heterogeneity) of benthic 

infaunal communities so that the sampling area or location of replicates could exceed the 

patch size, and reduce the chances of sampling spatially autocorrelated populations of 
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benthic infauna (Scheiner and Gurevitch, 2001). If spatial distance were measured between 

benthic infaunal samples taken from the same beach, then a Mantel test (Mantel, 1967) 

could be used to determine if there was any correlation between spatially proximal benthic 

infaunal communities (Scheiner and Gurevitch, 2001).  

 

This study specifically focused on the effects of macroalgal wrack on  at three shore 

levels using a stratified-random sampling design (Schlacher et al., 2008). However it was not 

practical, or even possible, to collect all the environmental data necessary to fully describe 

the variability in benthic infauna between shore levels and beaches. Accounting for this 

variability was overcome by taking sufficient replicates, and by using a linear mixed effects 

(LME) modelling approach, which allows the random factors related to habitat uniqueness to 

be incorporated into the model (Pinheiro and Bates, 2000). The optimal models for benthic 

infaunal biomass, abundance and species richness were ‘random intercept and slope’ LME 

models.  This confirmed that there was variability in benthic infauna between shore levels 

for each beach and between individual beaches, which could not be explained by any of the 

fixed effects in the model (wrack cover, shore level and beach angle). The mixed modelling 

approach allowed confident predictions to be made regarding the fixed effects (e.g. wrack 

cover) while still taking into account the unseen environmental factors that may be 

influencing benthic infaunal biomass, abundance and species richness. However, it also 

indicates that the models are missing variables that play an important role in influencing 

benthic infauna. These may include organic content of the sediments, sediment oxygen 

concentration and swash frequency and velocity, which need to be tested in future. 

 

3. 6 Conclusions  

 

Wrack cover was the most significant factor influencing benthic infaunal communities 

in this study. The abundance and biomass of fauna was two orders of magnitude greater at 

mean low water on ‘high wrack’ beaches compared to ‘low wrack’ beaches. The fauna on 

‘high wrack’ beaches were characterized by a few species of opportunistic detritivores, 

mainly polychaetes. These taxa are known to be a food source for visiting and resident 

waders in the Uists, are important in the diet of juvenile benthic fish, and may also play a key 

role in the recycling of nutrients within wrack. Therefore, if the abundances and biomasses 
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of benthic infauna declined (as a result of wrack harvesting) it may have negative impacts on 

ecosystem functioning. 
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4 Drifting macroalgae: its importance to inshore 

hyperbenthic fauna, decapods and fish 
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4. 1 Abstract  

 

The objective of this study was to assess the relationship between drifting 

macroalgae and faunal abundance for inshore beach environments, where ‘inshore’ was 

defined as the body of water extending from the low water line seawards for approximately 

50 metres. Hyperbenthic fauna were sampled on 11 beaches using a push net (1 mm mesh), 

and a subset of 8 beaches were sampled for decapods and fish using a beam trawl (4 mm 

mesh). Hyperbenthic fauna are small (>1 mm) animals (principally crustaceans) living in the 

water layer above the seabed. The two gear types were intended to capture small primary 

consumers (push net) and larger, more mobile higher trophic level fauna (beam trawl). For 

each beach the volume of macroalgal detritus drifting in the water column was determined, 

along with a suite of physical and chemical beach characteristics. Drifting macroalgae and 

particulate organic carbon were most significant factors structuring hyperbenthic faunal 

assemblages, as identified in multivariate analysis. Beam trawl fauna (decapods and fish) 

were more strongly influenced by physical beach characteristics (specifically wave height, 

grain size and beach angle – measures of exposure) than the volume of macroalgae. Linear 

models predicted significant (p < 0.05) increases of 10% and 2.4% in the abundance of push 

net and beam trawl fauna respectively with a one litre increase (ℓ.100m
-3

) in the volume of 

drifting macroalgae inshore. These results suggest that drifting macroalgae directly enhances 

the abundance of fauna through the provision of food and habitat. However, the 

abundances of larger mobile fauna may be restricted by physical beach characteristics rather 

than food and shelter supplied by drifting macroalgae. 
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4. 2 Introduction 

 

The ecological role of wrack deposited on beaches (above mean low water) has been 

extensively studied (e.g. see review by Colombini and Chelazzi, 2003). However, its influence 

on inshore fauna when drifting in the water column is sparsely documented. ‘Inshore’ here 

refers to the body of water immediately adjacent to the shoreline, and extending to the 

backline of breaking waves, or at least 50m seawards if waves are not present. Macroalgal 

detritus constitutes an important food subsidy to inshore food webs (Crawley and Hyndes, 

2007, Crawley et al., 2009), especially in areas with low phytoplankton concentrations 

(Dunton and Schell, 1987). Drifting macroalgae also provides inshore fauna with structure 

and shelter in an otherwise open and harsh environment that lacks refuge from tidal 

currents and predators (Lenanton et al., 1982, McLachlan, 1983), and is an important habitat 

characteristic of fish nursery areas (Clark et al., 1996, Florin et al., 2009, Lenanton et al., 

1982, Crawley et al., 2006).  

 

Hyperbenthic fauna are common to sandy beaches (Beyst et al., 2001a), and are 

functionally important because they are preyed on by several demersal fish species and 

epibenthic crustaceans (Beyst et al., 2001a). However, the relationship between inshore 

macroalgal detritus and hyperbenthic fauna (e.g. mysids, amphipods, isopods) is poorly 

documented. A subject that has received more attention is the importance of drifting 

macroalgae to inshore fish assemblages (Robertson and Lenanton, 1984, Lenanton et al., 

1982, Crawley et al., 2006). These studies show that beaches with drifting macroalgae 

supported greater abundances of fish fauna in the surf zone through the provision of food 

and refuge. As such, removal of wrack may impact food webs extending beyond the beach, 

and into the inshore and greater nearshore ecosystem. 

 

Primary consumers (e.g. amphipods) associated with the macroalgae were suggested 

to be an important dietary link for the flow of energy from macroalgal detritus to surf-zone 

fish in Western Australia (Crawley et al., 2009, Robertson and Lenanton, 1984, Robertson 

and Lucas, 1983). Inshore amphipods and isopods have shown strong dietary links to drifting 

macroalgae using stable isotope analysis (Crawley et al., 2009) and through direct feeding 

experiments (Crawley and Hyndes, 2007). Stable isotope analysis have also demonstrated 
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kelp detritus to be more dominant than phytoplankton in the diet of some primary 

consumers (Dunton and Schell, 1987, Sturaro et al., 2010, Duggins et al., 1989, Kaehler et al., 

2006). For example; when phytoplankton growth is limited in winter months, up to 50% of 

the carbon in the body of mysids may be derived from kelp detritus (Dunton and Schell, 

1987); and up to 70% of the diet of isopods can comprise of drift macroalgae (Sturaro et al., 

2010). However, the paradigm that kelp detritus is the most important food source to 

suspension feeders, based on stable isotope analysis, has recently been questioned (Miller 

and Page, 2012). A problem with stable isotope evidence is the inherent difficulty in 

separating phytoplankton from the bulk of particulate organic matter, such as kelp detritus 

(Miller and Page, 2012), and there is a general lack of information on phytoplankton stable 

isotope values (Miller and Page, 2012). This is likely to have caused overestimation of the 

importance of kelp detritus relative to phytoplankton in the diets of suspension feeders 

(Miller and Page, 2012). For some invertebrate species, drifting macroalgae may also be 

relatively more important as a form of shelter that a source of food (Crawley and Hyndes, 

2007).  

 

Most inshore studies assessing the relationship between drifting macroalgae and 

inshore fauna have neglected to test the significance of physical drivers acting in 

combination with macroalgal detritus (Robertson and Lenanton, 1984, Lenanton et al., 1982, 

Crawley et al., 2006, Lavery et al., 1999). However, factors such as wave height, beach 

exposure, grain size, beach angle and turbidity may have a more significant effect on the 

abundance of inshore fauna than macroalgal detritus (Clark et al., 1996, Beyst et al., 2001b). 

Failing to account for physical factors (such as wave height and beach angle) makes it  

difficult to interpret the results unambiguously, or to draw explicit conclusions about the 

role of macroalgal detritus in inshore food webs over a range of beach types. For 

conservation and resource management purposes, it is important to understand which 

habitat characteristics act in combination with macroalgal wrack to support the greatest 

abundances of inshore fauna (Florin et al., 2009).    

 

In summary, drifting macroalgae is known to be a key food-subsidy, and provides 

fauna with shelter and refuge from predators and physical stressors in open and exposed 

marine environments. Studies to date have largely focused on fish fauna, and how drifting 
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macroalgae influences their abundance and diversity. Except for the study by Clarke et al. 

(1996), no studies have attempted to elucidate the complex combination of physical drivers 

and macroalgal detritus in structuring the mobile epibenthic communities of sandy beaches. 

In addition, no studies have modelled the response of small primary consumers (e.g. 

amphipods, isopods and mysids) to varying quantities of drifting macroalgae which 

accumulate inshore.  

 

The objectives of this study were to: 1) statistically model the density of inshore 

fauna as a function of drifting macroalgae and other physico-chemical beach parameters, 

and thereby identify the key habitat characteristics structuring inshore faunal communities; 

and, 2) predict how changes in drifting macroalgae affects inshore fauna. Two groups of 

fauna were studied: (i) hyperbenthic fauna (>1 mm) which mostly constituted small primary 

consumers, and (ii) decapods and fish (>4 mm) that were mostly more mobile scavengers, 

omnivores or opportunistic predators (higher trophic level organisms). A field-based 

observational approach was taken in which a number of beaches were sampled, which had 

varying physical characteristics and quantities of drifting macroalgae. This study represents 

the first attempt to model the response of inshore fauna (< 1 mm) on beaches as a function 

of macroalgal detritus, as well as an array of physical drivers.  

 

4. 3 Materials and methods 

 

4. 3. 1 Study area 

 

The study area comprised 11 beaches situated on the west coast of the Uists islands, 

Scotland (Figure 4. 1 and Figure 4. 2). As with beaches presented in Chapter 3, all the 

beaches were of the ‘intermediate’ dissipative type with small waves (<1 m) and would be 

classified as ‘sheltered’ in a global context (Brown and McLachlan, 1990). Most beaches also 

lacked distinct surf-zones and were characterised by plunging breakers; where surf-zones did 

occur they were generally narrow (< 50 m). The beaches studied present a subtle gradient of 

morphodynamic types, from wide, shallow beaches with small grain size (e.g. Aird a Machair) 

to short, steeper beaches with coarser grain sizes (e.g. Traigh Hornais). A more detailed 

physical characterization is given in the results (section 4. 4. 1, page 110). 
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Figure 4. 1: Map showing location of beaches sampled for inshore fauna on the Uists, NW 

coast of Scotland. Beaches abbreviates as follows: Berneray West (BW); Port nan Long 

(PnL); Traigh Hornais (TH); Hougharry (HG); Port Scolpaig (PS); Aird a’Mhachair north 

(AMn); Peninerine (PEN); Bornish (BOR); Eriskay 1 (E1), and; Eriskay 2 (E2). Site coordinates 

are given in Appendix 2. 32 (page 305). 
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Figure 4. 2: Photographs of study sites located on the Uists, NW coast of Scotland. See 

Figure 4. 1 for corresponding map.  

 

4. 3. 2 Sampling design for inshore fauna 

 

Samples were collected between 13 – 19
th

 April 2011, two hours either side of low 

tide during daylight hours. Each beach was sampled on one day. Eleven beaches (shown in 

Figure 4. 1) were sampled for hyperbenthic fauna (> 1 mm) using a hand held push net. A 

subset of 8 beaches were sampled for decapods and fish (> 4 mm) using a beam trawl. Large 
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waves and the remoteness of some of the beaches prevented use of the beam trawl on 

Berneray West (BW), Paible (PB) and Bornish (BOR). The two types of gear were used to 

obtain representative samples of small fauna that were mainly primary consumers (push net 

samples) and, larger and more mobile higher trophic level fauna (beam trawl samples). The 

size classes did not overlap, i.e. none of the hyperbenthic fauna sampled were > 4 mm, as 

confirmed by inspection of the samples in the laboratory. Sampling methods are illustrated 

in Figure 4. 3.  

 

Hyperbenthic fauna were sampled using a hand-held push net (Figure 4. 3, A), with a 

pentagonal frame (0.3 m sides) attached to a 1.4 m long handle (gape area of 0.155 m
2
). The 

frame was fitted with a 1 mm mesh bag measuring 0.75 m in length.  Four replicate samples 

per beach were collected by one person who held the net in front of them and pushed it 

through waist deep water (± 0.8 – 1 m) for 50 m along the shoreline. Replicates were 

collected in a continuous line along the shore (in series), with the start of one trawl located 

approximately 10 m after the end of the previous trawl. When beaches were < 200 m long 

the replicates were taken in parallel along the shore.  The flat bottom of the net was kept in 

contact with the surface of the sediment and the sampling distance was measured using a 

Garmin 76 GPS. The contents of the push net were immediately transferred to containers 

and fixed with 4% buffered formaldehyde solution.  

 

Decapods and fish were collected with a beam trawl (1.5 m wide, 0.3 m high) fitted 

with a 2.35 m long net (4 mm mesh), a weighted foot rope and a spiked tickler chain (Gibson 

et al., 2002), (Figure 4. 3, B and C). The net was pulled through the inshore region, in waist 

deep water (± 0.8 - 1 m) by means of a 30 m rope. Four trawls lasting approximately five 

minutes were performed for each of the eight beaches, and the distance towed was 

measured using a Garmin 76 GPS. Replicates were collected as described for hyperbenthic 

fauna. Samples were sorted in the field and animals removed from macroalgae (Figure 4. 3, 

D - F). Fish and crabs were anaesthetized with clove oil (Kaiser et al., 2006) and all specimens 

were fixed in buffered 4% formaldehyde solution. Fish abundances should be interpreted 

with caution given that sampling was conducted at the beginning of the recruitment period 

for fish (Gibson et al., 1993), and many juvenile fish were observed escaping the 4 mm net. 

The catch efficiency of the beam trawl was found to vary from 5.5% to 33% for juvenile 
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flatfish (Pleuronectes platessa) between May and June, and 45% to 58% for shrimp (Crangon 

crangon) between May and June (Wennhage et al., 1997).  

 

 

 

 

Figure 4. 3: Photographs taken to document sampling procedures: A) Push net containing 

hyperbenthic fauna sample; B) Preparing beam trawl for collection of decapods and fish; 

C) beam trawl; D) removing macroalgae and fauna from beam trawl and placing in 

calibrated buckets to record volume of macroalgae; E) in situ sorting and removal of beam 

trawl fauna from macroalgae; F) example of fauna collected in beam trawl sample; G) 

apparatus used in field for filtering water samples for  POC, TSS and chlorophyll-a analysis; 

H) measuring beach profiles with theodolite and; I) estimating wave height. 

 

The volume of drifting macroalgae and particulate matter trapped in the beam trawl 

was measured by placing the beam trawl samples in calibrated 25 litre buckets (Figure 4. 3, 

D). In the laboratory all fauna samples were rinsed of formaldehyde over a 1 mm sieve, 
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identified down to the lowest taxon possible and counted as described in section 2. 3. 8 

(page 38). Where the fauna were too numerous to process within the limited time frame (> 

200 individuals per sample), sub-sampling was undertaken using a Folsom splitter (Guelpen 

et al., 1982), similar to methodology section 2. 3. 8. Abundances of fauna were calculated as 

ind.100m
-3

. 

 

4. 3. 3 Sampling design for environmental variables 

 

Five replicate 500 ml seawater samples were collected for chlorophyll-a (Chl-a) 

analysis and five for total suspended solids (TSS) and particulate organic carbon (POC) 

analysis. The samples were collected from the inshore area (water depth 0.8 - 1 m) 10 cm 

below the water surface. Sampling locations were spaced approximately 10 - 30 m apart. 

Samples were filtered through pre-weighed 47 mm glass microfiber filter paper (CamLab) in 

the field (Figure 4. 3, H), after which the filter papers were immediately frozen at -20°C and 

kept in the dark until analysis. Prior to sampling, filter papers used for TSS and POC analysis 

were pre-ashed at 450°C for 4 hours to remove organic contaminants, then placed in a 

desiccator and weighed to four decimal places. Salinity was measured at each site with a 

hand-held refractometer using the Practical Salinity Scale (PSU). Water temperature may 

influence the distribution of hyperbenthic fauna (Dominguez-Granda et al., 2004), however 

it  was not possible to measure water temperature because of equipment failure.  

 

 Samples for chlorophyll-a were analysed using fluorometry (Jeffrey and Humphrey, 

1975). To extract the pigments the filter papers were placed in 15 ml centrifuge tubes and 

soaked in 8 ml of 90% acetone for 24 hours in the dark at 4°C. Samples were sonicated for 1 

minute (Soniprep 150), then centrifuged for 5 minutes at 3000 rpm while maintaining the 

temperature at 4
o
C (Eppendorf Centrifuge 5810R). The supernatant was analysed for 

chlorophyll-a using a Turner TD-700 fluorometer (Turner Design, Sunnyvale, CA, USA). The 

fluorometer was calibrated using 5 standards (1 – 20 µg.ℓ
 -1

) prepared from 4 mg.ℓ
-1

 stock 

solution of Chl-a extract from spinach (Sigma-Aldrich, CAS 479-61-8). The filter paper 

containing the TSS samples were dried at 60°C for 48 hours and weighed. TSS (mg.ℓ
-1

) was 

recorded as the difference in the weight of the filter papers before and after filtering. Filter 

papers for POC analysis were placed overnight in a desiccator saturated with hydrochloric 
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acid vapour in a fume hood to remove the inorganic carbonate fraction. POC concentrations 

were then determined using a Costech ECS 4010 (Costech Analytical Technologies, CA, USA) 

(Byers et al., 1978, Sharp, 1974). All POC samples were analysed in tin capsules after 

Acetanilide calibrations standards and blanks (empty tin capsules) had been measured. 

 

Average grain size, intertidal beach width and beach angle (Figure 4. 3, H) and 

exposure rating were quantified on all beaches, as per methods in Chapter 3 (section 3. 3. 4, 

page 72). Breaking wave height was visually estimated (by the same person) from crest to 

trough for 30 waves breaking on the shore, from which the average wave height was 

calculated. A 1.5 m measuring pole was held by a second person at the water edge to aid 

estimation of wave height (Figure 4. 3, I).   

 

4. 3. 4 Data analysis: modelling faunal abundance 

 

Linear models tested the response of inshore fauna to drifting macroalgal volume 

and other physico-chemical parameters. Models were built for: 1) hyperbenthic fauna, and; 

2) decapods and fish.  The abundance of decapods and fish, which were sampled with the 

beam trawl, were grouped together for statistical analysis. There were not enough fish 

present on replicate beaches to conduct a meaningful statistical analysis on fish separately. 

This is due to sampling at the beginning of the recruitment period for fish that utilize the 

inshore zone of beaches as nursery areas (Gibson et al., 1993). Therefore, beam trawl 

samples will be used to make broad interpretations about factors affecting larger mobile 

scavengers and predators inshore, rather than specifically fish fauna.  

 

Abundance of fauna was the response variable in each case. The fixed explanatory 

variables available for the models were: 1) the volume of drifting macroalgae; 2) particulate 

organic carbon (POC) in the water; 3) total suspended solids (TSS); 4) Chl-a; 5) sediment 

grain size; 6) intertidal beach angle (slope); 7) beach width, and;  8) wave height. Salinity was 

not included as an explanatory variable because of the limited range in values observed (the 

majority of beaches had a salinity of 35.0 PSU). All fixed explanatory variables were 

continuous. Exposure rating could not be included because of the limited number of 

replicate beaches with the same exposure ratings. As with Chapter 3, the factor ‘beach’ may 



Chapter 4: Drifting macroalgae and inshore fauna 

 

108 

 

be included as a ‘random’ effect if necessary to account for any spatial auto-correlation in 

replicate samples taken from the same beach, or to account for the random variation in data 

from replicate beaches.  

 

Data exploration was initially performed for all variables by creating boxplots and 

Cleveland dotplots to assess heteroscedasticity and identify any outliers (Crawley, 2007). 

Faunal abundance (ind.100m
-3

) and POC concentration were log10 transformed to reduce the 

spread of the data and the effect of outliers, prevent the prediction of negative values for 

lower 95% confidence intervals and achieve a normal distribution of data. For reasons 

explained in Chapter 3 (section 3. 3. 6), Poisson or Negative Binomial distributions could not 

be used to model abundance data and fix problems relating to negative predictions and non-

normality of the data. The response variable (log10Abundance) was plotted against all 

available explanatory variables, and Pearson correlation coefficients were calculated to 

assess bivariate relationships between variables (Zuur et al., 2010). Collinearity (correlations) 

between the explanatory variables was examined according to methods in Chapter 3 

(section 3. 3. 6, page 73), and collinear explanatory variables were excluded from the linear 

modelling procedure (Zuur et al., 2010).  

 

The model fitting and selection procedure was performed according to methods in 

Chapter 3, section 3. 3. 6; however, interactions were not included between explanatory 

variables because there were not enough degrees of freedom in the model. The credible 

95% confidence intervals for the final model predictions were obtained using Bayesian 

inference (Gelman et al., 2004).  The R
2
 value, which summarizes how well the model 

explains the data,  was calculated using log-Likelihood ratios according to Magee (1990) 

where 0≤ R
2
 ≤ 1, and R

2
 = 1 corresponds to a perfect fit (Kvalseth, 1985). The final models 

were validated to verify the residuals meeting the statistical assumptions of normality, 

homogeneity of variances and independence, as per Zuur et al. (2009)
10

. The final models 

were checked for any spatial correlation structure by creating bubble plots of the residuals 

against the latitude (x) and longitudes (y) for the sites (Zuur et al., 2009)
10

. All models were 

fitted in R 2.15.0 with the package nlme (R Development Core Team, 2010). 

                                                        
10

 R code for final models are in Appendix 3.  7 (page 324); A3.7.1 (hyperbenthic fauna) and  3.7. 2 

(beam trawl fauna). Model outputs are in Appendix 3.8 (page 325); A3.8.2 (hyperbenthic fauna) and A3.8.3 

(beam trawl fauna). Model validation plots are in Appendix 3.  9 (page 328); A3.9. 1 and A3.9. 2 (hyperbenthic 



Chapter 4: Drifting macroalgae and inshore fauna 

 

109 

 

 

4. 3. 5 Data analysis: multivariate analysis 

 

Multivariate statistics were used to assess how taxa grouped according to the habitat 

characteristics of the beaches. Abundance data were explored in three steps using the R 

package ‘vegan’ in R.2.15.0 (Oksanen et al., 2012): 1) Non-metric multidimensional scaling 

plots (nMDS, Clarke 1993) were generated from Bray-Curtis dissimilarity matrices to visualize 

groupings or associations between taxon; 2) Vectors of continuous environmental variables 

(beach characteristics) were fitted to nMDS plots using the ‘envfit’ function in R 2.15.0,  and 

the vectors were used to visualize the association between individual taxon and one or more 

environmental variables (Oksanen, 2011), and; 3) the Bioenv procedure in R 2.15.0  was then 

used to identify the optimal subset of environmental variables that ‘best explained’ the 

observed biotic structure when combined (Clarke and Ainsworth, 1993). The environmental 

variables considered were: beach angle; grain size; macroalgal volume; Chl-a; TSS; POC, and; 

wave height. 

 

Multivariate analysis was carried out separately for; 1) hyperbenthic fauna, and; 2) 

decapods and fish. The nMDS routine was repeated for un-transformed, square- and fourth-

root transformed abundance data to identify the optimal nMDS ordination (lowest stress 

value). The envfit function then fitted environmental gradients to the optimal nMDS plots. A 

brief summary of the theory behind these multivariate procedures is given in Appendix 1. 4 

(page 257). 

 

Interpretation of nMDS ordination plots, vectors and Bioenv procedure: Ordination 

diagrams use a co-ordinate system for plotting sites and taxa in multi-dimensional space. 

The nMDS diagrams created in this study consisted of (i) points for taxa, and (ii) vectors for 

environmental variables that were fitted with the envfit function. In nMDS plots, taxa which 

are close together have the highest ‘correlations’ and thus occupy a similar ‘habitat’ space 

(Clarke and Gorley, 2006). The environmental vectors superimposed (arrows on plot) start 

from the origin of the plot (0, 0), which represents the mean for the environmental variable 

                                                                                                                                                                             
fauna); A3.9. 5 and A3.9. 6 (beam trawl fauna). Plots to assess spatial correlation structure are in Appendix 3.  9 

(page 328); A3.9. 3 and A3.9. 4 for hyperbenthic fauna; A3.9. 7 and A3.9. 8 for beam trawl fauna.  
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(Braak and Verdonschot, 1995). Those taxa close to the vectors are correlated with the 

corresponding environmental variables (Oksanen, 2011).  Taxa located close to the 

arrowhead are found near the maximum values for that environmental variable, taxa 

located near the origin are found near average values for the variable, and taxa located in 

the opposite direction of the arrow are negatively correlated with that variable (Braak and 

Verdonschot, 1995). The length of the arrow generated with the envfit function can be used 

as an indicator of how important a specific environmental variable is in structuring species 

assemblages (Oksanen, 2011). The Bioenv procedure is different to that of envfit because 

Bioenv identifies the combination of environmental variables that are best correlated with 

community structure. Bioenv can thus be used to identify which subset of habitat 

characteristics are most responsible for the groupings of taxa observed in the nMDS 

ordination. Whereas the envfit function is used to visualize the correlation between single 

environmental variables and taxa in the nMDS plot. For more details of these procedures see 

Appendix 1. 4 (page 257). 

 

4. 4 Results 

 

4. 4. 1 Beach characteristics 

 

Beach widths ranged from 74 – 306 m, with slopes that were shallow (1.3°, 1/44) to 

moderately steep (4.4°,  1/13) (Table 4. 1). Sand was medium-fine grained, with mean grain 

sizes ranging from 212 - 531 µm. The volume of macroalgae found on beaches ranged 

between 0.30 - 48.2 ℓ.100 m
-3

, Table 4. 1, and was a mixture of both highly decayed and 

fresh material. In some instances the structure of the macroalgae had completely 

deteriorated and only particulates remained.  Kelp fronds (Laminaria spp.) comprised the 

majority of the fresh and moderately decayed material. It was not possible to identify the 

older decayed macroalgae or larger particulates at the time of sampling. 

 

4. 4. 2 Description of faunal communities 

 

The average abundance (and interquartile range, IQR) of hyperbenthic fauna (> 1mm) 

across all beaches was 5 649 ind.100m
-3

 (271.4 – 4 077 ind.100m
-3

). The species abundances 
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and biomasses for hyperbenthic fauna are in Appendix 2. 15 (page 282) and Appendix 2. 16 

(page 285), respectively. A total of 49 taxa of hyperbenthic fauna were recorded. Of these 

mysids, isopods and gammarid amphipods were the most abundant and diverse groups. 

Mysids (mainly Schistomysis sp.) accounted for 72% of the average abundance. Gammarid 

amphipods (Atylus spp., Gammarus spp., Calliopius spp. and Dexamine spp.) and isopods 

(mainly Idotea spp.) were the second and third most dominant groups of hyperbenthic 

fauna, respectively comprising 11% and 10% of the average species abundance across 

beaches.  

 

The average abundance (and IQR) of decapods and fish (beam trawl fauna combined) 

across all beaches was 315 ind.100m
-3

 (18.0 – 487 ind.100m
-3

) respectively. The species 

abundances and biomasses of beam trawl fauna are in Appendix 2. 17 (page 288) and 

biomasses are in Appendix 2. 18 (page 289). A total of 13 species of fish and 8 species of 

decapods were recorded across the eight beaches sampled with the beam trawl. Of these, 

shrimp (Crangon crangon) and shore crab (Carcinus maenas) were the most ubiquitous 

decapods. C. crangon accounted for 85% of the average abundance of beam trawl fauna. 

Across all beaches the most abundant fish species was the commercially important European 

plaice (Pleuronectes platessa), 74% of which were juveniles < 20 mm. Sandeel (Hyperoplus 

spp.) was also common, although they were found in very low abundances and many were 

observed escaping the net.  
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Table 4. 1: Physico-chemical data collected for each beach in the study area 

Beach Grain size 

(µm) 

Mean ± std 

dev. 

Wave 

Height 

(cm) 

Beach profile                

(slope, 

degrees) 

Beach 

width 

(m) 

Exp. 

Rating  

*Macro. vol.           

(ℓ.100m
-3

) 

Mean ± std dev. 

TSS  (mg.ℓ
-1

) 

Mean ± std dev. 

Chl-a (µg.ℓ
 -1

) 

Mean ± std dev. 

POC  (mg.ℓ
 -1

) 

Mean ± std 

dev. 

Salinity 

(PSU) 

TH 332 (± 115) 77 1/26, 2.2
o
 85.0 9 (Shelt.) 0.300 (± 0.255) 57 (± 4.37) 1.5 (± 1.45) 0.27 (± 0.15) 32 

PEN 236 (± 158) 41 1/44, 1.3
o
 147 8 (Shelt.) 36.2 (± 21.3) 128 (± 53.9) 3.7 (± 2.9) 4.7 (± 2.5) 35 

BOR 264 (± 54.7) 53 1/24, 2.4
o
 122 9 (Shelt.) - 74.3 (± 41.9) 13 (± 5.4) 2.2 (± 1.0) 35 

AMn 212 (± 35.1) 25 1/51, 1.1
o
 306 6 (Shelt.) 19.6 (± 4.09) 42.1 (11.3) 8.1 (± 8.0) 1.5 (± 0.30) 35 

PS 331 (± 49.9) 23 1/26, 2.2
o
 120 7 (Shelt.) 27.5 (± 8.36) 25.2 (± 10.6) 0.83 (± 0.70) 0.39 (± 0.22) 35 

E1 443 (± 44.2) 13 1/13, 4.4
o
 112 12 (Exp.) 3.40 (± 2.69) 40.9 (±3.47) 3.4 (± 3.1) 0.14 (± 0.014) 35 

E2 531 (313) 15 1/29, 2.0
o
 128 11 (Exp.) 4.50 (± 4.46) 18.7 (± 10.2) 1.2 (± 0.68) 0.18 (± 0.026) 35 

PNL 246 (± 50.3) 5 1/36, 1.6
o
 194 5 (v. shelt.) 11.9 (± 1.85) 53.3 (± 4.36) 1.7 (± 0.49) 0.48 (± 0.15) 22 

BW 291 (± 47.8) 40 1/24, 2.4
o
 74 8 (Shelt.) - 78.3 (± 35.4) 9.3 (± 2.0) 1.9 (± 0.93) 35 

HG 306 (± 76.6) 39 1/28, 2.0
o
 120 9 (Shelt.) 48.2 (± 30.8) 48.1 (± 17.9) 1.1 (± 1.0) 0.76 (± 0.042) 35 

PB 369 (± 93.8) 43 1/28, 2.0
o
 143 9 (Shelt.) - 37.7 (± 5.11) 0.25 (± 0.17) 0.28 (± 0.069) 35 

Mean values are reported for grain size, wave height, macroalgal volume, total suspended solids (TSS), chlorophyll-a (Chl-a) and particulate 

organic carbon (POC). Shelt. = sheltered, Exp = exposed. Names corresponding to beach abbreviations are in Figure 4. 1. * drifting macroalgal 

volumes were only available for beaches sampled with the beam trawl. 
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4. 4. 3 Bivariate relationships: faunal abundance versus explanatory 

variables 

 

There were bivariate relationships observed between log10Abundance of 

hyperbenthic fauna and several explanatory variables (Figure 4. 4). The abundance of 

hyperbenthic fauna increased with increasing volumes of drifting macroalgae (r = 0.78), 

log10POC (r = 0.59) and TSS (r = 0.53). The abundance of hyperbenthic fauna decreased with 

increasing grain size (r = -0.48) and beach angle (r = -0.34).  No linear correlations were 

observed between abundance and chlorophyll-a (r = 0.02) or wave height (r = 0.12). For 

decapods and fish, bivariate patterns between abundance and explanatory variables were 

not as obvious (Figure 4. 5). However,  an absence of clear patterns does not mean that 

there are no relationships, simply that there are no clear two-way relationships and a model 

containing multiple explanatory variables may still provide a good fit (Zuur et al., 2010). 

Log10Abundance values for decapods and fish (Figure 4. 5) tended to decrease with 

increasing wave height (r = - 0.52), grain size (r = - 0.48) and beach angle (r = - 0.55), and 

increase with the volume of drifting macroalgae up to a point (10 ℓ.100m
-3

) after which 

abundance values declined.  

  

Figure 4. 4: Scatterplots of log10Abundance of hyperbenthic fauna (>1 mm) against each of 

the explanatory variables. Units for explanatory variables are shown in Table 4. 1.  
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Figure 4. 5: Scatterplots of log10Abundance of decapods and fish combined against each of 

the explanatory variables. Units for explanatory variables are shown in Table 4. 1. 

 

4. 4. 4 Collinearity among explanatory variables 

 

Prior to linear modelling, Figure 4. 6 was used to assess collinearity between 

explanatory variables and shows scatter plots for each explanatory variable versus all other 

explanatory variables, together with their Pearson correlation coefficients. Beach width, 

beach angle and grain size were highly correlated - a standard feature of sandy beaches. 

Beach angle and width were removed from the analysis as they showed the highest pairwise 

correlations with several other variables, including Chl-a and log10POC (Figure 4. 6). Grain 

size was retained for the analysis because it is a good proxy for beach angle and width, and 

the data were most homogenously distributed. Particulate organic carbon (log10POC) 

showed pair-wise Pearson correlations coefficients of r > 0.5 with all explanatory variables 

except wave height. In addition, log10POC had a Variance Inflation Factor (VIF) of 108.9, even 

after beach angle and width were removed from the list of variables for linear modelling 

analysis, and log10POC was therefore removed from the analysis.  All remaining explanatory 

variables (TSS, volume of drifting macroalgal wrack, wave height and grain size) showed 
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weak pair-wise Pearson’s correlations, and VIFs < 3, and were retained for the linear 

modelling procedure.  

 

Figure 4. 6: Pairplot showing relationships between explanatory variables. The panels 

below the diagonal show the Pearson correlation coefficients, and the size of the font is in 

proportion to the correlation value. The panels above the diagonal show the pair-wise 

scatterplots to which a smoothing curve (LOESS) was added. Variables units are shown in 

Table 4. 1.  
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4. 4. 5 Linear models of faunal abundance 

 

After excluding collinear variables, the explanatory variables available for modelling 

the abundance of inshore fauna were: grain size; wave height; drifting macroalgal volume; 

TSS, and; Chl-a concentration. The generic formula for the starting model was;  

 

log10Abund = α + β1∙Grain size  + β2∙Wave height  

+ β3∙Macro. Vol. + β4∙TSS + β5∙Chl-a + ε 

(Eq. 4. 1) 

 

Where log10Abund is the transformed abundance observations for hyperbenthic 

fauna or decapods and fish, α is the model intercept, βn is the slope for each explanatory 

variable n, and ε is the residual noise. The final resulting models (described below) met 

assumptions of homogeneity, independence and normality.  Examination of bubble plots of 

residuals for latitude and longitude indicate that there was no spatial auto-correlation in the 

data.  

 

Abundance of hyperbenthic fauna (>1 mm): In the final LME model log10Abundance 

of hyperbenthic fauna was predicted as a function of the volume of drifting macroalgae (L-

ratio = 7.48, df = 2, p = 0.0066, Table 4. 2). The other explanatory variables did not improve 

the model fit (p > 0.05), so they were omitted (Table 4. 2). The variation in the abundance of 

hyperbenthic fauna between beaches was significantly different (L-ratio = 16.01, df = 7, p < 

0.001), and this variation structure was incorporated in the model as a random effect 

(random intercept).  Hyperbenthic fauna were predicted to increase significantly with 

increasing volumes of drifting macroalgae in the water column, R
2
 = 0.46 (Figure 4. 7). Back-

transformation of the results  (see Appendix 1. 6 for log-laws)  indicated that a one litre 

increase in the volume of drifting macroalgae in the water column (ℓ.100m
-3

) was associated 

with a 9.7% increase in the mean abundance of hyperbenthic fauna (95% CI: 3.5 – 19% 

increase in abundance). The asymmetric CI is due to log transformation.  
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Table 4. 2: The significance of the fixed effects in predicting the abundance of: 1) hyperbenthic 

fauna (> 1mm) and; 2) Decapods and fish (>4 mm). Only the variables that significantly improved 

model fit (*) were retained in final models. 

Model Response Model term df L-ratio P 

Hyperbenthic fauna log10 Abundance Macro. vol. 3 7.159 0.008* 

 (push net)   Grain size 4 2.324 0.127 

  TSS 5 0.780 0.363 

  Chl-a 6 0.092 0.767 

  Wave height 7 0.0212 0.884 

Decapods and fish log10Abundance Wave height 6 49.175 <0.001* 

(beam trawl)  Grain size 6 22.401 <0.001* 

  Chl-a 6 9.417 0.002* 

  TSS 6 4.323 0.038* 

  Macro. vol. 6 2.914 0.030* 

 

 

 

Figure 4. 7: Graphic results of final linear mixed effects model for the abundance of 

hyperbenthic fauna (> 1mm) versus macroalgal volume, with the black line representing 

the model prediction, and the grey band denoting the credible 95% confidence interval.   
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Abundance of decapods and fish (> 4mm): It was not necessary to incorporate beach 

as a random effect, indicating homogenous variances across beaches (L = 5.241, df = 8, p = 

0.999). Wave height, grain size, macroalgal volume, Chl-a and TSS all exerted a significant 

effect on the abundance of decapods and fish (Table 4. 2). The final model for the 

abundance of beam trawl fauna was thus a simple linear regression model containing all of 

the five explanatory variables, and shown in Eq. 4.1 (R
2
 = 0.95).  

 

The strong fit of the model could not be attributed to model saturation because 7 

parameters were estimated with 28 data points, indicating that the R
2
 value is a true 

reflection of model fit and predictive power. Wave height and grain size contributed most 

towards improving the fit of the model, as indicated by their relatively small p-values and 

high L-ratios (Table 4. 2), together explaining 66% of the variance in the abundance data (R
2
 

= 0.66).  The final model predictions are shown in Figure 4. 8. 

 

The predicted decapod and fish abundance decreased with increasing wave height 

and grain size (Figure 4. 8 A and B). Abundance values increased with increasing volume of 

drifting macroalgae, however the slope was shallow (Figure 4. 8 C). Back-transformation of 

the model results show that a one litre increase (ℓ.100m
-3

) in drifting macroalgal volume was 

associated with a 2.4% increase in the abundance of decapods and fish (95% CI: 0.7 to 4.2% 

increase), while keeping all other variables constant. Relatively weak relationships occurred 

between log10Abundance and Chl-a and TSS, as indicated by their shallow slopes (Figure 4. 8 

D and E).  However these variables were necessary for better predicting the abundance of 

beam trawl fauna, as they significantly improved the model fit (Table 4. 2).  
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Figure 4. 8: Predicted log10Abundance values for decapods and fish > 4 mm (on all y-axes) 

sampled with the beam trawl. Plots were generated from results of the LME model. Each 

plot represents the predicted change in log10Abundance values as a function of a specific 

environmental variable (e.g. wave height), while all other variables in the model are held 

constant at their mean values. The black lines and the grey band represent the model 

predictions and 95% confidence intervals respectively.    

(A) (B) 

(C) (D) 

(E) 
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4. 4. 6 Multivariate analysis of species assemblages  

 

In multidimensional scaling the lowest stress values (best fitting nMDS ordinations) 

were obtained from the untransformed data for both hyperbenthic fauna (Figure 4.6 A), and 

decapods and fish (Figure 4.6 B). The nMDS ordinations for the untransformed abundances 

of hyperbenthic fauna had a stress value of 0.16 and the nMDS for decapods and fish had a 

stress value of 0.04. The nMDS plot for hyperbenthic fauna was thus interpreted with 

caution and general groupings of taxa were assessed rather than absolute distances 

between taxon. Environmental vectors superimposed on nMDS plots were used to interpret 

species groupings according to environmental gradients (Figure 4. 9). The hyperbenthic 

fauna most associated with above average volumes of drifting macroalgae (Figure 4. 9, A) 

were juvenile shrimp (Crangonidae), isopods (Idotea pelagica) and gammarid amphipods 

(Gammarus spp.). These taxa were virtually absent on beaches with low volumes of 

macroalgae. Mysids (Schistomysis spp. and Siriella armata) were strongly correlated with 

POC and TSS (Figure 4. 9, A). However, raw data also showed mysids to be strongly 

associated with beaches that accumulate drifting macroalgae (Appendix 2. 15, page 277). It 

is possible that the high stress of 0.16 in the nMDS plot prevented that association from 

being accurately displayed. Juvenile polychaetes swimming above the benthos (Malacoceros 

fuliginosus) were also associated with high volumes of drifting macroalgae (Figure 4. 9, A), 

which would concur with the findings of Chapter 3. The decapod and fish taxa most 

associated with high volumes of drifting macroalgae in beam trawl samples (Figure 4. 9, B) 

was Gabiidae (Pomatoschistus sp.) and Squat lobsters (Galathea squamifera) respectively. 

Sea stickleback (Spinachia spinachia) and juvenile plaice (Pleuronectes platessa) were found 

on beaches with above average concentrations of POC and greater turbidity (Figure 4. 9, B). 

The majority of decapods and fish were negatively correlated with beach angle and grain 

size.  

 

The subset of environmental variables that best explained the observed biotic 

structure in the hyperbenthic faunal community were: drifting macroalgal volume; POC; 

beach angle, and; wave height combined (pw = 0.48, Table 4. 3). These variables combined 

explained 48% of the structure in the biotic ordination of hyperbenthic fauna. Of these, 

macroalgal volume and POC accounted for 41% of the correlation. For decapods and fish: 
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wave height; beach angle, and; POC combined were considered to best explain the 

community structure observed in the biotic ordination (pw = 0.51, Table 4. 3.).   

 

Figure 4. 9: nMDS ordination for the abundance of A) hyperbenthic fauna (push net) and B) 

decapods and fish (beam trawl) showing groupings of taxa according to Bray-Curtis 

dissimilarities. Environmental vectors were superimposed onto nMDS plots in order to 

maximize the correlation with species data. The beginning of the species name denotes 

the location it is anchored on the nMDS plot (no symbol added). Too many species were 

present to be accurately labelled in nMDS plot, so priority was given to most abundant 

species. All species not labelled are represented by a grey cross.  
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Table 4. 3: Summary of Bioenv analysis, indicating which groups of the environmental 

variables best correlated with nMDS ordination of inshore faunal community structure. 

The weighted Spearman rank coefficients (pw) are shown for the best combination of 

environmental variables for each level of abiotic complexity. 

Best variable combinations Number of variables in 

abiotic dissimilarity matrix 

pw 

Hyperbenthic fauna (>1 mm)   

POC 1 0.31 

Macro. vol. + POC 2 0.41 

Wave +  POC + beach angle 3 0.45 

Wave + POC + beach angle + macro. vol. 4 0.48* 

Wave + POC + beach angle + macro. vol. + Chl-a 5 0.46 

Wave + POC + beach angle + macro. vol. + Chl-a + TSS 6 0.44 

Grain + Wave + POC + beach angle + macro. Vol. + Chl-a + 

TSS 

7 
0.40 

Decapods and fish (>4 mm)    

Wave 1 0.35 

Wave + beach angle 2 0.43 

Wave + POC + beach angle 3 0.51* 

Wave + TSS + POC + beach angle 4 0.48 

Wave + TSS + macro. vol. + POC + beach angle 5 0.45 

Wave + TSS + macro. vol. + POC + beach angle + Chl-a 6 0.37 

Grain + Wave + TSS + macro. Vol. + POC + beach angle + 

Chl-a 

7 
0.31 

*Combination of variables which produced best correlation with faunal community structure, after 

which adding more variables did not improve correlations with the biotic structure. 

 

4. 5 Discussion  

 

This study represents the first attempt to model inshore sandy beach fauna as a 

function of drifting macroalgae in combination with physical beach characteristics. The study 

showed that hyperbenthic fauna (mainly primary consumers and detritivores) were most 

strongly associated with drifting macroalgal subsidies, while larger decapods and fish were 

influenced by a complex array of habitat characteristics. Faunal associations with drifting 

macroalgae may be attributed to both the provision of food and shelter in an otherwise 

harsh inshore environment with limited habitat complexity and in situ primary production.  

 

 

4. 5. 1 Beach characteristics and collinearity 

 

The volume of drifting macroalgae and the concentration of particulate organic 

carbon (POC) were positively correlated, suggesting that much of the inshore POC is derived 
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from drifting macroalgae. This is supported by personal observations of the particulate 

matter retained on filter paper in which particles (> 0.5 mm) were predominantly 

fragmented algae. Generally in coastal environments where kelp beds occur, a large 

percentage of the carbon in suspended particulate matter originates from kelp (Bustamante 

and Branch, 1996, Kaehler et al., 2006).  This is likely to be true of western Scottish beaches 

but remains to be tested. Beaches with high concentrations of POC generally had shallower 

slopes, were wider and had smaller sand grain sizes. Beaches with these physical attributes 

are known to support greater diversity and abundance of fauna (Brown and McLachlan, 

1990). This suggests that particulate matter may accumulate on relatively more ‘sheltered’ 

beaches that coincidentally have more favourable physical characteristics for the habitation 

of sandy beach fauna. Collinearity between POC and physical beach characteristics (beach 

angle, beach width and sand grain size) prevented this from being tested, and highlights how 

the results of ‘natural experiments’ can be confounded by multiple explanatory variables 

(see section 1. 5, page 6). The influence of POC and macroalgae on faunal distributions needs 

to be confirmed with in situ experiments in which physical beach attributes are controlled 

for, and POC concentrations and macroalgae are manipulated.  

 

4. 5. 2 Hyperbenthic fauna (> 1 mm) 

 

This study presents strong evidence that the abundance of hyperbenthic fauna 

(mainly mysids and isopods) were enhanced by the presence of drifting macroalgae and POC 

in the inshore beach environment. This may be attributed to the greater availability of 

detrital food on beaches with drifting macroalgae, as well as the shelter provided to fauna by 

the clumps of macroalgae (Shaffer et al., 1995). Linear modelling predicted a 9.7% increase 

in the abundance of hyperbenthic fauna with a one litre increase (1 ℓ.100m
-3

) in the volume 

of drifting macroalgae in the inshore beach environment. The multivariate analysis results 

also show macroalgal detritus and POC were the most important factors affecting 

hyperbenthic community structure, and that the physical characteristics of the beach had a 

relatively insignificant influence. This is surprising since wave height is known to strongly 

influence surf-zone (inshore) hyperbenthic fauna elsewhere in Europe (Beyst et al., 2001a). 

These findings support the hypothesis that the macroalgal detritus increases the abundance 

of fauna in ecosystems that have little in situ primary production (Polis et al., 1997, 
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Colombini and Chelazzi, 2003, Bustamante and Branch, 1996, Krumhansl and Scheibling, 

2012), and limited habitat complexity (Lenanton et al., 1982).   

The majority of mysids, isopods and amphipods recorded were opportunistic 

detritivores and omnivores and may be feeding directly on the drifting macroalgae and 

associated particulates (Mauchline, 1967, Dunton and Schell, 1987, Zimmerman et al., 1979, 

Bedford and Moore, 1984, Sturaro et al., 2010), as suggested by stable isotope analysis of 

these taxa elsewhere (Crawley and Hyndes, 2007, Sturaro et al., 2010, Dunton and Schell, 

1987). However, as highlighted in the introduction (section 4. 2), stable isotope analysis can 

incorrectly predict the amount of macroalgal detritus in the diets of fauna (Miller and Page, 

2012). Hyperbenthic fauna may also be grazing on microalgae in the water column and 

sediments (Mees and Jones, 1997, Mauchline, 1967). In nature the feeding preferences of 

fauna will be restricted by the availability of food resources (Norderhaug et al., 2003, 

Crawley and Hyndes, 2007). The concentrations of POC were three orders of magnitude 

greater than the concentrations of Chl-a in the water, suggesting that macroalgal detritus 

and POC may be more readily consumed by hyperbenthic fauna than microalgae. This is also 

suggested by the low correlations between Chl-a concentrations and the abundance of 

hyperbenthic fauna. However, the use of Chl-a concentrations as a factor influencing faunal 

abundance should be considered with care because of the low concentrations recorded 

(Dominguez-Granda et al., 2004), and the high spatio-temporal variability inherent to 

phytoplankton concentrations on beaches (Brown and McLachlan, 1990). Therefore, greater 

temporal replication and dietary analysis of hyperbenthic fauna are needed to confirm the 

relative trophic importance of macroalgal detritus and phytoplankton.  

 

Drifting macroalgae is likely to provide habitat structure for the shelter of 

hyperbenthic fauna from predators (Shaffer et al., 1995, Crawley and Hyndes, 2007) and 

high current velocities (Gregg and Rose, 1982), in an otherwise barren sandy environment. 

As such, shelter from predators has been identified as a key factor in the habitat selection of 

subtidal amphipods and isopods (Pomeroy and Levings, 1980, Pavia et al., 1999, Crawley and 

Hyndes, 2007).  However, habitat choice and dietary preferences are tightly linked (Pavia et 

al., 1999), and hyperbenthic fauna may feed on macroalgal detritus while sheltering from 

predators in the drifting macroalgae, even if it is not their preferred food (Crawley and 
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Hyndes, 2007). The relative importance of drifting macroalgae as a food subsidy versus a 

form of shelter to hyperbenthic fauna needs to be further assessed.  

 

Both macroalgal detritus and phytoplankton concentrations undergo seasonal 

variations that may exert influences on coastal food webs, and hyperbenthic fauna may be 

more dependent on macroalgal detritus as a food resource at times of year when 

phytoplankton concentrations are low (Dunton and Schell, 1987).  The volume of drifting 

macroalgae may be highest in winter when kelp is removed from rocks by storms (Duggins et 

al., 1989, Walker and Richardson, 1955). Conversely, phytoplankton concentrations are 

usually low in winter as a result of reduced light and temperature (Baxter et al., 2011). If 

hyperbenthic fauna are actually feeding on the macroalgal detritus, then it is possible that 

the high input of drifting macroalgae in winter and early spring enhances the secondary 

production of these primary consumers in time for the arrival of predatory juvenile fish 

species; a subject that needs to be studied further.  

 

The abundant mysids (which were associated with POC in the nMDS plots) may be 

important for the remineralisation of particulate organic carbon derived from drifting 

macroalgae, which would facilitate the flow of nitrogen back to nearshore autotrophs such 

as kelp and phytoplankton (Cockcroft et al., 1988, Soares et al., 1997). These recycled 

nutrients may be important in maintaining coastal primary production, especially in areas 

with limited nutrient inputs from upwelling of terrestrial runoff (Soares et al., 1997). For 

example, in the Eastern Cape surf-zones of South Africa mysids are capable of supplying 

approximately 10% of the nitrogen requirements of phytoplankton through the 

remineralisation of their food (Cockcroft et al., 1988). This exceeded the nitrogen input to 

those surf-zones by seeping ground water and nitrogen released from dominant bivalves and 

filter feeding fauna (Cockcroft et al., 1988).  

 

 

4. 5. 3 Decapods and fish (> 4 mm) 

 

Beam trawl samples provided an estimation of the abundance of larger mobile 

benthic and epibenthic fauna representing higher trophic levels (e.g. scavengers and 
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predators) in the inshore beach environment. The dominant decapods (Crangon crangon 

and Carcinus maenas) are considered to be opportunistic omnivores, feeding on benthic fish, 

macroinvertebrates (especially benthic infauna), and occasionally detrital macroalgae (Ansell 

et al., 1999). C. crangon is a key predator of juvenile flatfish, such as plaice (Pleuronectes 

platessa) in early stages of their settlement, and also consumes some macroalgae (Ansell et 

al., 1999, Gibson et al., 2002). The beaches of western Scotland function as nursery grounds 

for economically important demersal fish species (Gordon, 1977), which feed on 

oligochaetes, polychaetes, small crustaceans (amphipods, isopods and mysids), caridean 

decapods (shrimp) and/or other fish (Gibson and Ezzi, 1987, Gibson et al., 2002). Given that 

the presence of detached macroalgae was associated with greater abundances of several of 

these prey items, it may enhance foraging opportunities for fish (Crawley et al., 2006). P. 

platessa was the most abundant and ubiquitous fish species recorded in this study and is the 

dominant benthic fish species on western Scottish beaches (Gibson et al., 1993). P. platessa 

of the size recorded (generally < 20 mm) feed predominantly on benthic infauna, especially 

polychaetes (Pihl, 1985), which were shown in Chapter 3 to have greater abundances on 

beaches which accumulate wrack. Another favoured prey of larger P. platessa is C. crangon. 

(Pihl, 1985, Mendonca et al., 2009). 

 

The abundance of beam trawl fauna was predicted to increase by 2.42 % (95% CI: 

0.69 to 4.23%) with every one litre increase (1 ℓ.100m
-3

) in the volume of drifting 

macroalgae. However, both multivariate analysis and linear modelling highlight that physical 

attributes of the beach which represent exposure (e.g. wave height and grain size) had a 

more significant influence on the community structure than either drifting macroalgal 

volume or POC. Mobile macrocrustaceans and fish preferred sheltered beaches with low 

wave energy and small grain size (together with correlated shallow beach angle). This is in 

line with sandy beach literature elsewhere (Clark et al., 1996, Beyst et al., 2001b).  

 

Decapods and fish may be seeking refuge in the drifting macroalgae from larger 

predators, and extreme swash conditions (Lenanton et al., 1982, Crawley et al., 2006, 

Vandendriessche et al., 2007, Robertson and Lenanton, 1984). For example in western 

Australia, where surf-zone fish sheltered in drifting macroalgae during the day to avoid 

diurnal predators, and moved away from the macroalgae to feed on open sands at night 
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(Robertson and Lenanton, 1984). The importance of drifting macroalgae as a refuge to 

inshore fauna is likely to vary depending on other habitat characteristics of the beach, such 

as the presence of rocky outcrops (which also provide shelter) and wave and swash climate 

(Clark et al., 1996).  

 

The relationship between drifting macroalgal volume and the abundance of decapods 

and fish may not be a linear one; as suggested by the scatterplot which showed that 

abundances increase linearly with macroalgal volume up to a threshold, and then began to 

decrease again. This was also observed in in the North Sea where juvenile flatfish avoided 

areas with high filamentous algae cover, which was attributed to reduced feeding efficiency 

when excessive macroalgae was present (Florin et al., 2009). Therefore, provided drifting 

macroalgal accumulations are not so excessive that they inhibit feeding, they may indirectly 

benefit higher trophic level fauna through the provision of prey and shelter from larger 

predators (Lenanton et al., 1982, Robertson and Lenanton, 1984, Crawley et al., 2006). 

However, dense accumulations of drift macroalgae may also reduce the catch efficiency of 

the beam trawl, because decapods and fish can swim away and seek refuge in adjacent 

drifting macroalgae. This makes it difficult to accurately assess the response of large mobile 

fauna to increasing volumes of drifting macroalgae. 

 

Two issues were identified in the sampling design for decapods and fish in this study, 

namely i) gear type and ii) sampling date. The beam trawl was difficult to operate in larger 

waves and it is possible that the factor ‘wave height’ influenced the capture efficiency of the 

beam trawl. Therefore, the negative relationship between faunal abundance and wave 

height may reflect sampling error. However, the degree of wave exposure has been 

documented to influence surf-zone fauna sampled with different gear types elsewhere (Clark 

et al., 1996, Beyst et al., 2001b), and it is unlikely that our results are purely an artefact of 

sampling. The catch efficiency for more mobile fauna may also decrease with increasing 

macroalgal volume as mentioned above. Future studies should include multiple gear types 

(e.g. seine net) to assess this problem. With regards to timing; there is generally an influx of 

juvenile fish to Scottish sandy beaches in April and May, and a departure in August and 

September (Gibson et al., 1993). Many juvenile fish escaped the 4 mm mesh, but were also 

not captured in the 1 mm mesh of the push net because they were likely to swim too fast for 
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this gear. Given the timing of this study (beginning of fish recruitment period) and the 

seasonal and spatial variability of sandy beach fish fauna (Gibson et al., 1993, Gibson and 

Yoshiyama, 1999) it is not possible to draw concrete conclusions about the influence of 

drifting macroalgae on the abundance of fish species.  It is expected that the diversity and 

abundance of fish recorded would increase if another gear type (such as a seine net) were 

used in addition to the beam trawl, and if sampling were conducted later in the year (e.g. 

August), or over a longer time period.  

 

4. 6 Conclusions 

 

This study supports the hypothesis that kelp beds and sandy beaches act as tightly 

linked compartments, and the flow of carbon between them may be important for 

maintaining the productivity of entire nearshore ecosystems. Drifting macroalgae was 

associated with greater abundances of hyperbenthic fauna inshore, and may enhance the 

survival of these fauna by serving as a detrital food source, and a refuge from predators and 

physical stressors (e.g. inshore water currents). Remineralisation of macroalgal detritus by 

these primary consumers (especially mysids) may also facilitate the flow of nutrients back to 

nearshore autotrophs. Despite the limitations of gear type, sampling date and lack of 

temporal replication, the results and supporting literature suggest that higher trophic level 

inshore fauna, such as decapods and fish, are directly benefited by moderate accumulations 

of drifting macroalgae through the provision of shelter, and indirectly by enhanced prey 

availability. However, physical habitat characteristics that represent beach exposure (e.g. 

wave height and beach angle) were the most important habitat characteristics influencing 

the distribution of decapods and fish, and potentially set the upper limit to abundances. 
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5 Ecosystem analysis of beaches with contrasting 

quantities of wrack 
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5. 1 Abstract 

 

This study compares ecosystem structure for two sandy beaches; a ‘high wrack’ 

beach with large accumulations of macroalgal wrack (20 000 g.m
-2

) and a ‘low wrack’ beach 

with relatively little wrack (49 g.m
-2

). Food web models for the two beaches were 

constructed in Ecopath (www.ecopath.org) and include phytoplankton, inshore drifting 

macroalgae, inshore detritus (POC), beach-cast wrack, benthic infauna (e.g. polychaetes) in 

sediments, hyperbenthic macroinvertebrates (e.g. mysids, amphipods) inshore, 

macroinvertebrates within wrack banks on the upper shore (e.g. diptera larvae), fishes and 

birds. The aim was to assess the influence of wrack on trophic structure, total biomass flows, 

energy recycling and ecosystem resilience to change. The ‘high wrack’ beach supported a 29 

times greater total biomass of fauna, was 4 times more productive and had a 13 times 

greater total system throughput (TST = sum of all consumption, exports, respiratory flows 

and energy flows into detritus). Both beach food webs were based on detritivory rather than 

herbivory.  The ‘low wrack’ beach exhibited a greater efficiency for recycling matter within 

the food web (higher Finns Cycling Index), whereas consumption on the ‘high wrack’ beach 

was supported almost entirely by the import of macroalgal detritus. However, large 

quantities of detrital matter on the ‘high wrack’ beach were not used by the macroscopic 

food web and may either be processed by bacteria (and lost as CO2), utilized by interstitial 

meiofauna in the sediments, or be exported to adjacent ecosystems. The results suggest 

beaches which accumulate wrack function as an interface for the processing and exchange 

of organic matter with other environments, rather than existing as enclosed ecosystems. The 

high-wrack beach had a greater diversity of trophic links through which energy flowed, 

which theoretically enhance ecosystem resilience and render ecosystems more capable of 

recovering from perturbations. Such perturbations may include erosion of sediments during 

and after storms and harvesting of beach-cast wrack. 
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5. 2 Introduction  

 

There have only been three published attempts to model sandy beach food webs to 

date (Lercari et al., 2010, Heymans and McLachlan, 1996, Griffiths et al., 1983), and thus 

their ecosystem structure is poorly understood (Lercari et al., 2010). Others may exist in the 

‘grey literature’. Of the three published models, Griffiths et al. (1983) presented the only 

study which describes the role of wrack in supplying energy to sandy beach food webs. This 

early study demonstrated that food web modelling is a holistic approach which can be used 

to assess the direct and indirect trophic importance of wrack to coastal ecosystems. As 

detailed in previous chapters, sandy beach food webs contain a myriad of species and 

trophic connections which vary according to the physical environment of the beach and food 

resources available (Lercari et al., 2010). This complexity makes it challenging to 

quantitatively compare different beach ecosystems.  

 

One method of ecosystem analysis is to build a comprehensive food web for the 

entire ecosystem using Ecopath (www.ecopath.org), and then subject this food web to 

network analysis, from which ecosystem indices are generated (Heymans and Baird, 2000). 

These simplified indices can then be used to compare between different ecosystems in 

terms of their biological productivity, total biomass, flow of energy (consumption, 

respiration, export), diversity of trophic links and predator-prey relationships (Christensen 

and Walters, 2004, Heymans and Baird, 2000). A detailed account of the theory and 

methodology underpinning network analysis is provided by Ulanowicz (1986). In simple 

terms, network analysis is used to extract quantitative information on the rates of flow of 

energy and matter in a given food web (Christian et al., 2005). In this chapter network 

analysis includes the calculation of ecosystem indices such as Total System Throughput (TST), 

Development Capacity (C), Ascendency (A) and System Overhead (O), the details of which 

are further explained in the methods (Section 5. 3. 5, page 145). These indices were used to 

compare ecosystem structure on beaches with and without accumulations of wrack and 

assess their resilience to external perturbations.  

 

In this study, food web models were constructed in Ecopath for two beaches on the 

west coast of Scotland; one with a high input of macroalgal wrack (Peninerine), and one with 
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comparatively little wrack (Traigh Hornais). The domain of the food web models extended 

from the start of the terrestrial vegetation line shoreward 50 m into the inshore zone, and 

included and primary food sources (wrack, detritus and phytoplankton), primary consumers 

(e.g. wrack macroinvertebrates) and larger predators (e.g. birds and fish). Due to the lack of 

data it was not possible to include the microbial loop, interstitial meiofauna or zooplankton. 

However, they should be incorporated in future efforts to model sandy beach food webs 

(Lercari et al., 2010). The models were constructed using biomass data collected in Chapters 

2, 3 and 4. Models were built for one day (as opposed to a 1-year period as is often the case 

in Ecopath models), and represent a snapshot in time of the ecosystem structure of beaches 

with differing food resources. Given the lack of replication in time and space, this would be 

classified as a ‘case study’ for the specific beaches. Case studies are useful in new topics of 

research (such as sandy beach food web functioning), especially when the resulting theories 

are novel, testable and based on empirical data (Eisenhardt, 1989).  

 

The ecological-modelling objectives of this study were to: 1) compare food web 

structure and trophic links on the two beaches; 2) compare biomass flows, total throughput 

and production indices on these two beaches; 3) compare the levels of biomass recycling 

within the two beaches, and; 4) assess the role of wrack in enhancing ecosystem resilience 

to change. The case study results were used together with published literature to infer the 

ecological role of wrack to a broader population of beaches. The models were also used to 

develop novel theories regarding the role of wrack input on the ecological functioning of 

beaches, which could be used to stimulate further research in this subject. 

 

5. 3 Materials and methods 

 

5. 3. 1 Study area 

 

The study area comprised two beaches situated on the Uist islands: Peninerine and 

Traigh Hornais, Figure 5. 1.  Peninerine is characterized by a large cover of wrack (principally 

kelp, Laminaria spp.) which is generally spread over the majority of the intertidal zone year-

round (Figure 5. 2, A); with peak-wrack inputs in autumn and winter (see Chapter 2,). Traigh 

Hornais generally only has a sparse covering of wrack at the high-water line (Figure 5. 2, B) 
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and consistently low wrack cover year-round (Royal Society for Protection of Birds, Uists, 

pers. comm.). The differing inputs of wrack are largely for geographical reasons. Peninerine 

is situated on South Uist, which is bordered by extensive shallow rocky reefs populated with 

dense kelp forests (Norton and Powell, 1979). Traigh Hornais is situated on the northern tip 

of North Uist which is characterized by fewer kelp forest that South Uist (Norton and Powell, 

1979), and as a result receives less input of wrack.  

 

 

Figure 5. 1: Map showing locations of two sandy beaches used for development of food 

web models on the Uists, NW coast of Scotland. Traigh Hornais (TH) on North Uist and 

Peninerine (PEN) on South Uist. Site coordinates are given in Appendix 2.32.  
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Figure 5. 2: Photographs showing two beaches modelled in this study; Peninerine with a 

large accumulation of macroalgal wrack and Traigh Hornais with a sparse covering of 

wrack.  

 

Quantitative information on the morphology and physical characteristics of these 

beaches is given in Chapter 4 (section 4. 4. 1, page 110), but a brief summary is given here. 

Both beaches were of the low-energy intermediate dissipative type and lacked a distinctive 

surf-zone; however they were dissimilar in several morphodynamic respects. Traigh Hornais 

was less dissipative (more reflective), with a narrower intertidal zone, steeper slope and a 

larger average grain size than Peninerine (Table 4. 1, page 112). There was little to no wave 

activity on Peninerine, however during storms breaking waves plunge onto the beach (Pers. 

obs.). Traigh Hornais experiences comparatively more wave activity than Peninerine, mostly 

in the form of plunging breakers at high tide, but waves are seldom more than half a metre 

in height (Pers. obs.). Traigh Hornais is backed by dunes (~10 m high), and Peninerine by a 

shingle ridge (~2 m high), Figure 5. 2. Peninerine has a more ‘mixed’ shore punctuated with 

rocky outcrops in the intertidal and inshore zones, and thus has greater habitat complexity 

than Traigh Hornais which only has bare substrate. Peninerine is protected from the Atlantic 

swell by the adjacent reefs, and Traigh Hornais is protected from swell because it is situated 

‘behind’ a spit of land and two small islands.  

 

On both beaches the Ecopath model domain extended 300 metres parallel to the 

shore, and from the landward base of the dunes or shingle ridge, seaward for 50 m into the 

inshore zone, for a total area of 0.04
 
km

2
 for Traigh Hornais and 0.06

 
km

2
 for Peninerine. The 

difference in model areas was due to the difference in intertidal width for the two beaches, 
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where model area was calculated as follows: area = length x width; Traigh Hornais area = 

(300 m) x (50 m inshore + 85 m intertidal) and Peninerine area = (300 m) x (50 m inshore + 

147 m intertidal).    

 

5. 3. 2 Ecological modelling approach for food webs 

 

Ecosystem models of the two sandy beaches were constructed using the Ecopath 

(version 6) software (http://www.Ecopath.org).  Ecopath uses a mass-balanced approach, in 

which the functional groups (species or groups of species) within the model are trophically 

linked and balanced by consumption, production and exports over a given time period 

(Christensen and Walters, 2004). Ecopath was originally designed for estimating biomass, 

production and food consumption of various groups, trophic levels or species within an 

ecosystem (Polovina, 1984). It was later adapted to include network analysis (Ulanowicz, 

1986), in which ecosystem indices and energy flows between functional groups are 

calculated (Christensen and Walters, 2004). 

 

Ecopath models are based on two ‘master’ equations, describing the production 

(Eq. 5.1) and energy balance (Eq. 5. 2) for each functional group (Christensen and Walters, 

2004). The production of each group in the model is described as:  

 

 Production = catch + predation + net migration  
                        + biomass accumulation + other mortality 

(Eq. 5. 1) 

 

Or more formally:  

 

 Pi = Yi + M2i + Bi + Ei + BAi + MOi x Bi  

 

Where Pi is total production rate of group (i), Yi is total fishery catch rate for group (i), 

M2i is the total predation rate for group (i), Bi is the biomass of the group, Ei is the net 

migration rate (emigration – immigration), BAi is the biomass accumulation rate for (i) and 

M0i is the ‘other mortality’ rate for group (i). Production (Pi) is calculated as the product of 

the biomass and the production/biomass (P/Bi) ratio of group i. The P/B ratio also equals the 

total mortality rate (Z) (Allen, 1971).  
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Energy balance within each group is ensured according to the following equation; 

 

 Consumption = production + respiration + unassimilated food (Eq. 5. 2) 

 

Respiration is usually the term that is estimated by the model as the difference 

between consumption, production and unassimilated food (which is by default assumed to 

be 20% of consumption). 

 

‘Other mortality’ (MOi) describes all mortality not included in the above equation 

(Eq. 5.1), and is calculated as: 

 

 =>? = @?  A  (1 ,  BB?)
C?  

(Eq. 5. 3) 

 

Where EEi is the ‘ecotrophic efficiency’ that describes the proportion of production 

that is used within the system (Christensen and Walters, 2004). 

 

The total predation rate (M2i) links predators and prey through the following 

equation: 

 

 

M2? = D EF  A  GHF?C?

I

FJK
 

(Eq. 5. 4) 

 

Where Qj is the consumption rate for predator j and DCij is the fraction of prey i in the 

diet of predator j. The summation is for all (n) predator groups j. Consumption (Qi) can be 

calculated as the product of biomass (B) and the consumption/biomass ratio (Q/B).  

 

Data for parameterization of Ecopath models can be obtained from the literature, 

empirical models or field-based ecological studies (Christensen and Walters, 2004). Data 

requirements include diet compositions and input of three out of five of the following 

parameters for each group in the model: biomass (B); production/biomass ratio (P/B) or 
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mortality rate (Z); consumption/biomass ratio (Q/B); production/consumption ratio (P/Q), 

and; ecotrophic efficiency (EE) (Christensen et al., 2008). Generally ecotrophic efficiency is 

estimated by the model, however in cases where the biomass for a group is not known 

biomass can be estimated by the model by entering an EE value (Christensen et al., 2008).   

 

If the Q/B or P/B ratio is not known, then it can be estimated by the model by 

entering the gross food conversion efficiency (P/Q), where: 

 

 (@/E)? = (@/C)?(E/C)?  
(Eq. 5. 5) 

 

The P/Q ratio typically ranges between 0.1 - 0.3 for most groups (Christensen et al., 

2008), which means that 10 – 30% of the food consumed goes towards somatic production 

and the rest is lost through the process of metabolism. Top predators such as birds generally 

have much lower P/Q ratios than invertebrates (Christensen and Walters, 2004, Darwall et 

al., 2010).  

 

5. 3. 3 Data sources and parameterization  

 

The data used to parameterize the two beach models came from a variety of sources, 

the references for which are given in Table 5. 1 and Table 5. 2. Species with similar habitat 

preferences, life history traits and diet were aggregated into functional groups. If species 

were distinct in terms of ‘functional niches’ then they were not grouped (Christensen et al., 

2008).  
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Table 5. 1: Model compartments and references used to parameterize ecosystem model for 

Peninerine; a beach with ‘high wrack’ accumulations. Functional groups represent those 

found in both the intertidal (a) and the inshore (b) zones.  
 

Functional Groups Compartments / Scientific names B P/B P/Q Diet 

Birds
a
 Haematopus ostralegus, Calidris alpina, 

Charadrius hiaticula, Calidris alba, Arenaria 

interpres, Calidris maritime, Tringa 

tetanus, Limosa lapponica, Numenius 

arquata, Pluvialis apricaria, Larus 

argentatus, Larus canus, Larus marinus 

42 5 8 23, 33, 12, 

13 , 31, 35, 

21, 19, 20 

European plaice
b 

Pleuronectes platessa 44 17 8 32 

Sea stickleback
b 

Spinachia spinachia 44 17 8 25 

Sandeel
b 

Hyperoplus spp. 44 17 8 25 

Shrimp
b 

Crangon crangon 44 6 8 29 

European shore crab
b 

Carcinus maenas 44 6 8 3 

Carnivorous beetles
a 

Atheta spp., Omalium spp., Cafius spp. 37,38 6 8 4, 14 

Hyperbenthic 

amphipods
b 

Atylus spp., Dexamine spp., Gammarus 

spp., Calliopius spp. 

43 6 8 36, 30 

Detritivorous Isopods
b 

Idotea pelagica 43 6 8 34 

Mysids
b 

Leptomysis lingvura, Siriella armata, 

Schistomysis sp. 

43 6 8 28 

Talitrid amphipods
a 

Orchestia gammarellus 37,38 11 8 1, 26 

Diptera larvae
a 

Thoracochaeta zostera, Coelopa spp., 

Orygma luctuosum 

37,38 6 8 9, 14 

Herbivorous beetles
a 

Cercyon littoralis and C. depressus 37,38 6 8 14 

Detritivorous 

Polychaetes
a 

Capitella capitata, Malacoceros fuliginosus 40 6 8 16 

Oligochaetes
a 

Enchytraeidae 37,38,40 18 8 18 

Other benthos
a 

Copepods 15 10 8 7 

Phytoplankton
b 

 45 27   
Drifting macroalgae

b 
 45    

Beach-cast wrack  39    

Inshore detritus
b 

 45    
References for Table 5. 1 and Table 5. 2: Literature based:  (Adin and Riera, 2003)

1
, (Anastacio et al., 2003)

2
 

,(Ansell et al., 1999)
3
, (Backlund, 1945)

4
, (Balmer and Peach, 1997)

5
,(Brey, 2001)

6
, (Brown and McLachlan, 1990)

7
, 

(Christian and Luczkovich, 1999)
8
, (Cullen et al., 1987)

9
, (Cusson and Bourget, 2005)

10
, (Dias and Sprung, 2003)

11
, 

(Dierschke, 1993)
12

, (Dierschke, 1998)
13

, (Egglishaw, 1958)
14

, Estimated (EE =0.95)
15

, (Fauchald and Jumars, 

1979)
16

, (Froese and Pauly, 2011)
17

, (Giere and Pfannkuche, 1982)
18

, (Goss-Custard and Jones, 1976)
19

, (Goss-

Custard et al., 1977)
20

, (Heppleston, 1971)
21

, (Holtmann et al., 1996)
22

, (Ingolfsson, 1976)
23

, (Jones, 1968)
24

, 

(Kislalioglu and Gibson, 1977)
25

, (Lastra et al., 2010)
26

, (Lees and Mackinson, 2007)
27

, (Mauchline, 1980)
28

, (Oh et 

al., 2001)
29

, (Pederson and Capuzzo, 1984)
30

, (Perez-Hurtado et al., 1997)
31

, (Pihl, 1985)
32

, (Robinson, 2005)
33

, 

(Sturaro et al., 2010)
34

, (Vanermen et al., 2009)
35

, (Zimmerman et al., 1979)
36

. Sampling based: Appendix 2.4
37

, 

Appendix 2.6
38

, Appendix 2.9
39

, Appendix 2.12
40

, Appendix 2.13
41

, Appendix 2.14
42

, Appendix 2.16
43

, Appendix 

2.18
44

, Table 4.1
45 
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Table 5. 2: Model compartments and references used to parameterize ecosystem model for 

Traigh Hornais; a beach with ‘low wrack’ accumulations. Functional groups represent those 

found in both the intertidal (a) and the inshore (b) zones.   

Functional Groups Compartments / Scientific names B P/B P/Q Diet 

Birds
a 

Haematopus ostralegus 42 5 8 

Common Dab
b 

Limanda limanda 44 17 8 25 

Sandeel
b 

Hyperoplus sp. 44 17 8 25 

Shrimp
b 

Crangon crangon 44 6 8 29 

Carnivorous beetles
a 

Atheta (Thinobaena) spp., Omalium spp.  2.13 6 8 

4, 14 

Carnivorous polychaete
a 

Nephtys caeca, Dorvillea rubrovittata 41 
6 

8 16 

Carnivorous isopods
b 

Eurydice pulchra 41 6 8 24 

Mysids
b 

Schistomysis spiritus 43 6 8 28 

Talitrid amphipods
a 

Talitrus sultator, Talorchestia deshayesii 41 

2 

8 1, 26 

Hyperbenthic 

amphipods
b 

Atylus spp. + Oedicerotidae  43 6 8 

36, 22 

Bivalves
a 

Gari spp.  41 10 8 7 

Diptera larvae
a 

Thoracochaeta zostera, Orygma 

luctuosum, Fucellia maritima, Hydrophorus 

oceanus, Scaptomyza graminum 

41 6 8 9, 14 

Herbivorous beetles
a 

Cercyon Littoralis + C. depressus  41 6 8 14 

Detritivorous 

polychaetes
a 

Scolelepis squamata, Orbiniidae 41 6 8 16 

Oligochaetes
a 

Enchytraeidae 41 18 8 18 

Other benthos
a 

Copepods 15 10 8 7 

Phytoplankton
b 

45 27 

Beach-cast wrack
a 

39 

Inshore detritus
b 45 

Note: References corresponding to numbers for the above compartments can be found in Table 5. 1 

 

5. 3.3.1.  Biomass data 

 

For each beach, biomass data were available from chapters 2, 3 and 4 (see summary 

below and Table 5. 1 and Table 5. 2) for functional groups from the inshore and intertidal 

zones (Figure 5. 3). Peninerine and Traigh Hornais were the only two beaches with 

contrasting wrack loads for which a full set of data were available for the biomass of fauna 

living in these zones. The following chapters contain detailed sampling methodology for the 

collection of biomass data: Chapter 2 for the cover and biomass of beach-cast wrack (section 

2. 3. 4, page 36), bird counts (section 2. 3. 5, page 37), and collection of wrack 
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macroinvertebrates (section 2. 3. 7, page 38); Chapter 3 for benthic infauna (section 3. 3. 3, 

page 71), and; Chapter 4 for inshore trophic groups (section 4. 3. 2, page 103).  

 

 

Figure 5. 3: Diagram (not to scale) showing the various locations of the beach for which 

data were available for the parameterization of Ecopath models. HWS = high water 

springs, MTL = mid tide level, MLW = mean low water. * Wrack macroinvertebrates were 

only sampled on Peninerine where there were deep mounds of wrack, as this habitat was 

not available for sampling on Traigh Hornais.  

 

Inshore samples were collected in waist-deep water (~ 1 m) within 50 m of the 

shoreline and include: fish; decapods (crabs and shrimp); small crustaceans (hyperbenthic 

amphipods, isopods and mysids); drifting macroalgae; particulate organic carbon (inshore 

detritus), and; phytoplankton in the water column. The intertidal samples were collected 

between mean low water (MLW) and the top of the beach (the start of the terrestrial 

vegetation line), and include: benthic infauna within sediments (polychaetes, carnivorous 

isopods, oligochaetes, bivalves); macroinvertebrates within wrack banks (Diptera larvae, 

beetles, talitrid amphipods, oligochaetes); birds, and; beach-cast wrack biomass.  

 

Although the original data is divided across several chapters and appendices, all 

intertidal samples were collected on one day for each beach (Peninerine: 16
th

 March 2011, 
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Traigh Hornais: 1
st

 April 2011), as were inshore samples (Peninerine: 13
th

 April 2011, Traigh 

Hornais: 15
th

 April 2011). When certain functional groups occurred in multiple substrates 

their biomasses were pooled for the model. For example, the biomass of oligochaetes in 

benthic infaunal samples and wrack mounds were pooled. The sampling designs in these 

previous chapters were not tailored specifically for estimating the absolute standing stock of 

fauna and their food sources on beaches. However, the models can be used to compare the 

ecosystem structure of the two beach types (with and without accumulations of wrack) 

because the data collection methods were consistent between beaches. The models should 

not be used to make statements about the absolute standing stocks of fauna on each beach.  

 

Not all of the data in the above chapters were reported as g.m
-2

 beach (or model 

area), which is the format required for the parameterization of biomass data in Ecopath. 

Therefore, the data for certain functional groups were processed further before input into 

Ecopath, as follows: 

 

(i) Benthic infauna samples (Chapter 3) were originally collected from each beach, at 

three different intertidal shore levels; mean low water (MLW), mid tide level (MTL) and high 

water springs (HWS), and reported as g.m
-2 

shore level (section 3. 3. 3, page 71). For Ecopath 

parameterization the biomass values were averaged across the three shore levels, to obtain 

one estimate of infauna biomass for the whole beach.  

 

(ii) Macroinvertebrates within wrack on Peninerine (Chapter 2) were collected from 

‘old’ banks of wrack situated above the extreme high water springs line where the seaweed 

was highly decomposed (supralittoral/splash zone) and ‘newly’ deposited wrack situated 

below high water springs (see sampling rationale in Chapter 2, section 2. 3. 3). Thus the 

biomass of wrack macroinvertebrates was originally reported as g.m
-2

 ‘old’ and ‘newly’ 

deposited wrack. This was to take into account the succession of fauna with the aging of 

wrack. To calculate the biomass of wrack macroinvertebrates in the whole modelled area 

some estimation of the habitat area was needed. The area of ‘highly decayed’ and ‘newly 

decaying’ wrack habitats was thus estimated, at the same time of sampling for wrack 

biomass, by measuring the width of each deposit in five equally spaced locations, and the 

total length of the deposit (Appendix 2. 8). The total biomass of ‘wrack macroinvertebrates’ 
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on the beach was estimated by multiplying the biomass of macroinvertebrates in wrack (g.m
-

2
 wrack bank) by the habitat area of ‘old’ and ‘new’ deposits. This total biomass was then 

divided by the model area to get the average biomass of wrack macroinvertebrates per m
2
 

of the model area. This is a very rough estimate for total biomass of wrack 

macroinvertebrates on the beach; however it is the best estimate available at present. 

 

(iii) Drifting macroalgal volume inshore, which was originally reported as ℓ.100m
-3

 in 

Table 4. 1 (page 112), was converted to biomass using a wrack density of 0.536 kg.ℓ 
-1

, as per 

methods in section 2. 3. 4, Chapter 2 (page 36). Since the inshore sampling depth was 

approximately 1 metre, the biomass per m
-3

 was converted to the biomass per m
-2

 by 

dividing by 1 metre (the same applied for all inshore samples originally reported as per m
-3

). 
 

 

(iv) The average inshore Chl-a concentration (Table 4.1) was converted to 

phytoplankton carbon content according to Riemann et al. (1989), in which controlled 

experiments found that the mean Chl-a concentration was 3.03 % of the phytoplankton 

carbon content. The carbon content of phytoplankton was then converted to total 

phytoplankton biomass according to Cushing et al. (1958), where 1 g phytoplankton carbon 

is equivalent to 42 g total phytoplankton biomass (wet weight).  

 

(v) Detritus biomass in the water column was estimated from biomass of total 

suspended solids (Table 4. 1) minus the biomass of phytoplankton (Lercari et al., 2010). This 

assumes that the only detritus available to fauna in the water column is that which was 

measured in the study area at the time of sampling. It is likely that not all of the detritus in 

the system was measured. It does not account for the inflow of detritus from outside the 

model area. It is important to note that detritus biomass is commonly set to very high values 

(e.g. 9999 g.m
-2

) in Ecopath models where there is no data available for detritus biomass 

(Christensen et al., 2008).   

 

(vi) Bird biomass per m
2
 was obtained by multiplying the mean abundance of all birds 

counted in the study area by the individual weight for each species obtained from the 

literature (Robinson, 2005) (Appendix 2. 19), and then dividing by the model study area.  

 



Chapter 5: Ecosystem analysis 

 

143 

 

It was not necessary to modify the biomass of beach-cast wrack presented in 

Appendix 2. 9 and inshore fauna presented in Appendix 2. 16 and Appendix 2. 18.  

 

5. 3.3.2.  Production/biomass (P/B) and consumption  

 

The P/B ratio is equivalent to the total mortality rate (Z) (Christensen et al., 2008) 

and was obtained directly from the literature for many fish and bird species (Table 5. 1 and 

Table 5. 2). However, P/B ratios were not available for the vast majority of invertebrates and 

had to be calculated using the empirical model published by Brey (2001). Brey’s model 

estimates P/B as a function of mean calorific value of an individual (kJ – calculated from 

mean body weight), water temperature and water depth for various taxonomic groups (e.g. 

Annelida, crustacean, Echinodermata and Insecta).  See Appendix 2. 20 (page 291) for details 

of the Brey (2001) model. Mean individual body weights were obtained directly from our 

field studies, and converted from wet weight to kJ using the appropriate published 

conversion factors (See Appendix 2.21 and 2.22, pages 292 and 293). When several species 

were pooled into one functional group, biomass-weighted averages were used for the P/B 

ratios  (Libralato et al., 2010).  

 

For fish the Q/B ratios were obtained mainly from Fishbase; www.fishbase.org; 

(Froese and Pauly, 2011), in which Q/B is calculated as a function of asymptotic weight of the 

fish, aspect ratio of the caudal fin, mean habitat temperature and food type (Palomares and 

Pauly, 1989). The asymptotic weight of a fish is defined as “the mean weight the fish of a 

given stock would reach if they were to grow for an infinitely long period” and is a  

parameter of the von Bertalanffy Growth Function (VBGF) (Froese and Pauly, 2011).   For all 

other groups Q/B ratios were estimated by the Ecopath software by assuming P/Q ratios of 

0.15, 0.20, 0.20, and 0.25 for detritivores, herbivores, omnivores and carnivores respectively 

(Christian and Luczkovich, 1999). Birds were assumed to produce 1.5% of their body mass 

per day with P/Q ratios of 0.06 (Christian and Luczkovich, 1999).  
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5. 3.3.3.  Diet Compositions 

 

The ‘diet’ of a functional group is taken as the fraction that a prey group contributes 

to the overall stomach content of the predator, and thus links together the different groups 

in the model (Christensen et al., 2008). Quantitative information on diets is relatively sparse, 

and is often only descriptive (especially for macroinvertebrates). Furthermore, when 

quantitative diet information is available it is often expressed as ‘percentage occurrence’ in 

stomachs of predators, which is of little use because Ecopath requires the input of the 

relative biomass or volume of prey in stomachs of predators (Christensen et al., 2008). 

Stomach content information also varies in time and space, and is highly biased by the 

digestibility of the prey (Ainsworth et al., 2010). In addition, many epibenthic predators such 

as those observed in this study (crabs, shrimp, benthic fish) are described as being 

opportunistic predators that change their diet in response to prey availability (Mendonca et 

al., 2009).  When stomach content data was not available, or the diets were highly variable 

(for example birds and epibenthic predators), the percentage diet composition for a 

predator was estimated by the relative biomass proportion of their prey available in the 

modelled system (Chen et al., 2011).  

 

In Ecopath it is possible to specify the proportion of prey, or time, spent feeding 

outside the model area. Unfortunately, for the mobile functional groups in these models, 

data was not available for the quantity of prey consumed (or time spent feeding) outside the 

model area versus inside the model area in one day, and so this could not be included in the 

model. All fauna were assumed to feed exclusively within the model area on the ‘day’ of 

sampling, such that 100% of their diet was assigned to the food resources available in the 

model. However, for highly mobile fauna (e.g. birds and fish) it is probable that they obtain a 

certain proportion of their diet from outside the model beaches during the day. Different 

diets can also be specified for certain life stages or stanzas of a functional group, such as 

juvenile versus adult fish (Christensen et al., 2008). However, since the majority of fauna 

sampled across these beaches in one day came from a single life stage, multi-stanza groups 

were not included in the model.    
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5. 3. 4 Model balancing  

 

The first step to balancing the Ecopath models was to check the values of the 

ecotrophic efficiency (EE) for all functional groups, where ecotrophic efficiency is a measure 

of the proportion of production consumed in the model (Christensen and Walters, 2004). For 

a model to balance it is necessary for the EE to be between 0.0 and 1.0. An EE close to 0.0 

indicates that very little of a group is used (consumed) in a system (e.g. top predators), and 

an EE close to 1.0 indicates that a group is being heavily preyed upon (Christensen et al., 

2008). If EE> 1.0 it indicates that more of a functional group is being consumed than is being 

produced, and this is not biologically possible. These groups were identified as being 

‘unbalanced’ and it was necessary to manually adjust the key input parameters (biomass, 

P/B, Q/B and/or diet) so that mass balance could be achieved (Christensen et al., 2008). If 

any adjustments were required to P/B, Q/B or biomass values these were done within the 

range of published values or field data. Diet compositions were the first  parameters to be 

adjusted as these were considered to be the most ‘flexible’ data in the model (Christensen et 

al., 2008), because species are likely to adapt their diet composition relative to the prey 

available  (Chen et al., 2011). If more of a group is being consumed than is being produced it 

is likely that the predation mortality is too high (Christensen et al., 2008). If the predation 

mortality of a group was too high it was necessary to either: (i) reduce the proportion of that 

prey consumed by the predator of concern; (ii) reduce the Q/B ratio of the predator; (iii) 

increase the biomass or the P/B ratio of the prey so that sufficient prey was available for the 

predator to consume, or; (iv) reduce the proportion of prey in the diet of the predator of 

concern. To check that the model complied with physiological constraints of organisms it 

was ensured that respiration/assimilation <1.0 (respiration cannot exceed assimilation), 

production/respiration < 1.0, and 0.1 < (P/Q) < 0.3 for all groups (Christensen et al., 2008, 

Darwall et al., 2010). 

 

5. 3. 5 Trophic structure and network analysis 

 

Flow analysis: Ecopath generates statistics that describe absolute flows of 

biomasses, including the sums of all: (1) consumption; (2) exports; (3) respiratory flows, and; 

(4) flows into detritus. By summing attributes 1-4 it is possible to calculate the total system 
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throughput, TST (in g.m
-2

.day
-1

 in this case) for each ecosystem, and this provides a measure 

of the total activity occurring within an ecosystem (Ulanowicz, 1986). The TST is calculated as 

follows: 

 

 M+M = N M?F
I

?JK,FJK
 

(Eq. 5. 6) 

 

Where Tij is the flow of energy (e.g. biomass, carbon or kJ) between compartments, 

i.e. prey i and predator j. The TST describes the overall level of activity or ‘vigour’ within and 

ecosystem, and quantifies the processing of material (biomass) or energy. Other descriptive 

summary statistics for the ecosystem include the sum of all production, total biomass within 

the system and the sum of all flows from detritus and primary producers.  

 

Fractional trophic level (TL) of fauna: Ecopath estimates the fractional trophic level 

(e.g. 2.1, 2.3 etc. ) of each functional group (Christensen et al., 2008), as suggested by Odum 

and Heald (1975). Producers and detritus are assigned a trophic levels of 1 and consumers 

are assigned trophic levels of 1 + [the weighted average of the preys' trophic level]. For 

example, consumers eating 30% detritus (with TL = 1), and 70% detritivores (with TL = 2) will 

have a trophic level of 1 + [0.3 · 1 + 0.7 · 2] = 2.7 (Christensen et al., 2008). Note that this is 

different to the discrete trophic levels represented by integers (I,II,III etc.) as proposed by 

Lindeman (1942), described below. 

 

Transfer efficiency and Lindeman spine: Trophic level (TL) decomposition was 

performed in which the entire ecosystem was aggregated into discrete trophic levels sensu 

Lindeman (1942), where each trophic level is represented by an integer (I, II, III, etc.). The 

biomass of primary producers and detritus are assigned to TL I, primary predators to TL II, 

secondary predators to TL III and so on, and there are rarely more than five trophic levels. 

Many organisms cannot be allocated or restricted to specific trophic levels, for example 

omnivores.  However, the flows of biomasses between discrete (integer) trophic levels can 

be summarized based on an approach suggested by Ulanowicz (1995, Christensen and 

Walters, 2004) using a simplified version of the food web called the Lindeman Spine. The 

Lindeman spine aggregates biomasses to the discrete trophic levels, and shows the flow of 
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biomass between consecutive trophic levels, e.g. consumption, predation, respiration, flows 

to detritus and export in g.m
-2

.day
-1 

between TL I and TL II (for example). The biomass flows 

are aggregated to each trophic level as follows; when a group obtains 40% of its food as a 

herbivore and 60% as a first-order carnivore, the corresponding fractions (0.4 and 0.6) of the 

flow through the group are attributed to the herbivore level (TL I) and the first consumer 

level (TL II) (Christensen et al., 2008). 

 

 Representing the food web using discrete trophic levels in the Lindeman Spline 

allows for the calculation of transfer efficiencies (TE) between trophic levels, which is the 

measure of the transfer of energy up trophic levels (Christensen and Walters, 2004, 

Christensen and Pauly, 1998). Transfer efficiency (%) is the ratio between the sum of exports 

from a given trophic level, plus the flow that is transferred from one trophic level to the 

next, plus the throughput on the trophic level (Christensen et al., 2008). More simply, it is 

the ratio of productions at two consecutive trophic levels (TE = PTL/PTL-1) (Libralato et al., 

2010). For example if the TE is 10% then one-tenth of the energy that enters trophic level i is 

transferred to trophic level i+1 (Christensen and Pauly, 1993). 

 

Ecosystem organization and resilience: The degree of network development, which 

is based on information theory concepts (Ulanowicz, 1986), can be used to compare the 

stability, maturity and resilience in ecosystems (Baird et al., 1991). The stability and maturity 

of an ecosystem are synonymous with the degree of ‘organization’ within that ecosystem 

(Ulanowicz, 2000). In most ecosystems matter does not randomly pass between any taxa 

and only a limited number of taxa are capable of consuming a certain resource. The paths 

through which energy or matter flow in an ecosystem are thus constrained by the taxa 

present and their specific habitat and dietary preferences. The organization of an ecosystem 

is defined as the “degree of constraint that guides a typical flow in a system” (Ulanowicz, 

2000). In a highly ‘organized’ ecosystem there is more specialization between taxa and a 

greater limitation on how energy moves from one taxon to the next. Ascendency (A) is a 

measure of the level of development and organization within an ecosystem, and combines 

both ecosystem size (TST) and the flow of energy between consecutive taxon (trophic 

organization) (Ulanowicz, 1986). Ascendency (A) is calculated as follows: 
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P = DQM?FR ∙ -./ SM?F ∙ M+M
MF ∙ M? T

?F
 

(Eq. 5. 7) 

 

For the same TST, a higher ascendency (A) means that there is more specialization 

between functional groups (or taxon) and a greater limitation on how energy moves from 

one taxon to the next. In other words, high ascendency is associated with fewer trophic links 

in an ecosystem through which the majority of energy flows (Ulanowicz, 2000). A greater 

ascendency may also be associated with a larger TST (bigger system). Low ascendency is 

associated with a greater diversity of trophic links through which the available energy is 

partitioned or less energy transfer between functional groups (lower TST). Greater 

specialization of taxa in a food web is generally associated with more ‘developed’ 

ecosystems (Odum, 1969). However, ecosystems have a maximum limit to which they can 

develop or specialize, and so ascendency has an upper boundary (Ulanowicz, 2000). The 

upper limit for ascendency is termed the ‘development capacity’ (C), and the difference 

between the development capacity and the ascendency (C – A) is called the ‘system 

overhead’ (O) (Christensen et al., 2008, Ulanowicz, 1986, Ulanowicz, 2000). The 

development capacity is defined as: 

 

 H = ,M+M ∙ N M?FM+M?F ∙ log U M?FM+MV 
(Eq. 5. 8) 

 

The two factors that limit the growth of C are thus the total system throughput, and 

the number of functional groups or taxon. The system overhead (O) provides information on 

how much ascendency can increase and reflects the systems ‘strength in reserve’ or ability 

to recover from a perturbation (i.e. resilience) (Christensen et al., 2008, Ulanowicz, 1986, 

Ulanowicz, 2000). Overhead is thus a measure of the degrees of freedom in a system, or the 

potential links through which energy or matter can flow between taxa (Ulanowicz, 2000). An 

ecosystem is more capable of adapting to external perturbations if it retains a certain 

number of ‘connections’ between taxa (Ulanowicz, 2000). Overhead is thus a prerequisite of 

resilience, where ecosystems with a higher resilience have a greater capacity to recover from 

perturbations (Ulanowicz, 2000).  
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The ratio between ascendency and development capacity (A/C) provides a measure 

of how much development has actually been realized in a system, and can be used to assess 

the degree of ecosystem maturity (Ulanowicz, 1986). Similarly, the O/C ratio gives a measure 

of how much more an ecosystem can develop. Highly organized systems (i.e. more stable 

and developed ecosystems) tend to internalize most of their activity and are relatively 

indifferent to outside supplies and demands (Baird et al., 1991, Baird and Ulanowicz, 1993). 

It is possible to calculate A and C as internal indices, Ai and Ci, which are a function of 

internal energy exchanges alone and do not include energy (or biomass) lost through 

respiration and export (Baird et al., 1991). The ratio between Ai/Ci is believed to be most 

representative of an ecosystems development status (Baird et al., 1991, Field et al., 1989, 

Baird and Ulanowicz, 1993). Ecosystems with a high Ai/Ci are well organized and have fewer 

trophic pathways (i.e. fauna have more specialized diets). However, the fewer trophic 

pathways through which energy flows in highly organized ecosystems makes these systems 

less resilient to change (Baird et al., 1991).  

 

Recycling of matter: The recycling of matter within a system can be used as a 

measure of system development, as well as stress (Baird et al., 1991, Christensen, 1995). 

Finn’s cycling Index (FCI) is commonly used to measure recycling where the FCI is based on 

thermodynamic principle and is calculated as the proportion of total system throughput 

(TST) that is recycled in the system (Finn, 1976): 

 

 WHX =  M+MYM+M  
(Eq. 5. 9) 

 

Where TSTc is the flow that is recycled. The predatory cycling index is calculated by 

excluding cycling through detritus, which is usually the dominant part of the recycling 

process (Christensen, 1995). A high FCI can either means that a system is more mature or 

more stressed, and that a large amount of energy (biomass) is being recycled within the 

system. The results of comparing FCI in ecosystems are controversial; some support E.P. 

Odum’s hypothesis (1969) that FCI increases with maturity (Christensen, 1995), while others 

show that the FCI is not a good measure of maturity but can be used as a measure of stress 

in the system (Baird et al., 1991). In systems where the FCI is inversely related to Ai/Ci, 
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(relatively high FCI, low Ai/Ci) it would imply that that system is stressed or impacted (Baird 

et al., 1991). 

 

Community energetics and ecosystem development: In the early stages of 

ecosystem development the rate of primary production exceeds respiration (Pp/R>1), and 

the ratio will be lower than 1 in systems suffering from organic pollution (Christensen, 1995). 

As a system matures this ratio also approaches 1. The ratio between total primary 

production and biomass (Pp/B) is also a function of maturity (Odum, 1969). As a system 

matures there is an accumulation of biomass, resulting in a lower system Pp/B ratio for 

mature systems, and a higher ratio for immature systems (Christensen, 1995, Odum, 1969).  

 

The net system production is the difference between total system primary 

production and respiration (Pp – R), and can be both positive and negative (Howarth, 1988, 

Christensen, 1995). Negative values indicate that respiration exceeds primary production, as 

is the case in systems that receive large inputs of detrital organic matter (Howarth, 1988). 

The smaller the value for net system production, the more mature the system (Christensen, 

1995).  

 

5. 4 Results 

 

5. 4. 1 Description of taxa and functional groups 

 

Peninerine was characterized by 20 functional groups and Traigh Hornais by 19 

functional groups (Table 5. 1, Table 5. 2). Some of these groups were the same (e.g. birds, 

talitrid amphipods, Diptera larvae), but were not defined by the same species. Fauna that 

were found exclusively on Peninerine (the ‘high wrack’ beach) include crabs (Carcinus 

maenas), hyperbenthic isopods (Idotea pelagica), 15-spined sea stickleback (Spinachia 

spinachia), Nilsson’s pipefish (Syngnathus rostellatus), plaice (Pleuronectes platessa) and 12 

bird species (grouped together as ‘birds’) (Table 5. 1). On Traigh Hornais (‘low wrack’ beach) 

the only bird species observed were Oystercatchers (Haematopus ostralegus). Fauna that 

were found exclusively on Traigh Hornais include carnivorous isopods (Eurydice pulchra), 
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bivalves, carnivorous polychaetes (Nephytus caeca, Dorvillea rubrovittata) and common dab 

(Limanda limanda) (Table 5. 2).  

 

5. 4. 2 Balancing the model 

 

The final input parameters for the balanced models are shown in Table 5. 3 

(Peninerine) and Table 5. 4 (Traigh Hornais). No changes were made to the original input 

data for biomass, P/B values, P/Q values or EE. Minor changes were required to the diets of 

fauna on Peninerine and Traigh Hornais in order for the models to balance, the rationale for 

the changes are given in Appendix 2. 27 and Appendix 2. 28 (pages 299 and 300), 

respectively. The initial diet matrices are shown in Appendix 2. 24 and Appendix 2. 26 (pages 

296 and 298) for Peninerine and Traigh Hornais respectively, and the final diet matrices are 

shown in Appendix 2. 23 and Appendix 2. 25 (pages 295 and 297). The principal 

modifications made during the balancing procedure are shown in bold font in the diet 

matrices. The estimated values for the fractional trophic level (TL) of each group, 

consumption/biomass (Q/B), production/consumption (P/Q), ecotrophic efficiency (EE), 

respiration/assimilation (R/A), production/respiration (P/R) and respiration/biomass (R/B) 

are also shown Table 5. 3 and Table 5. 4 for Peninerine and Traigh Hornais, respectively. All 

groups complied with the physiological constraints for R/A, P/R and R/B values detailed in 

the methods section 5. 3. 4 (Christensen et al., 2008).   
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Table 5. 3: Parameter values entered (bold) and estimated (standard) by Ecopath software for Peninerine (‘high wrack’ beach) 

Group name TL Biomass 

(wet wt. g.m
-2

) 

P/B 

(day
-1

) 

Q/B 

(day
-1

) 

EE P/Q R/A P/R R/B 

(day
-1

) 

Predation mort. rate 

(day
-1

) 

1 Birds 3.01 1.204 0.001 0.033 0.000 0.03 0.963 0.039 0.026 0.0000 

2 Plaice 3.13 0.042 0.003 0.013 0.984 0.25 0.688 0.455 0.007 0.0033 

3 15-spined sea stickleback 3.01 0.050 0.003 0.012 0.053 0.25 0.688 0.455 0.007 0.0002 

4 Sand eel 3.00 0.003 0.002 0.006 0.098 0.25 0.688 0.455 0.004 0.0002 

5 Shrimp 3.04 0.198 0.004 0.019 0.503 0.20 0.750 0.333 0.012 0.0019 

6 Crabs 3.25 0.066 0.002 0.008 0.195 0.20 0.750 0.333 0.005 0.0003 

7 Carnivorous beetles 3.00 0.931 0.012 0.046 0.014 0.25 0.687 0.455 0.025 0.0002 

8 Hyperbenthic amphipods 2.10 0.016 0.014 0.069 0.978 0.20 0.750 0.333 0.041 0.0135 

9 Idotea pelagica 2.34 0.003 0.013 0.085 0.976 0.15 0.813 0.231 0.055 0.0125 

10 Mysids  2.00 0.541 0.010 0.067 0.271 0.15 0.813 0.231 0.043 0.0027 

11 Talitrid amphipods 2.00 8.590 0.011 0.071 0.090 0.15 0.813 0.231 0.046 0.0010 

12 Diptera larvae 2.00 36.377 0.009 0.059 0.108 0.15 0.813 0.231 0.039 0.0010 

13 Herbivorous beetles 2.00 0.113 0.015 0.098 0.011 0.15 0.812 0.231 0.063 0.0002 

14 Detritivore polychaetes 2.00 197.887 0.008 0.054 0.020 0.15 0.813 0.231 0.035 0.0002 

15 Oligochaetes 2.00 51.321 0.008 0.055 0.020 0.15 0.812 0.231 0.036 0.0002 

16 Other benthic fauna 2.00 0.327 0.008 0.053 0.950 0.15 0.812 0.231 0.034 0.0075 

17 Phytoplankton 1.00 5.068 0.416  0.000     0.0001 

18 Beach wrack 1.00 20006         

19 Drifting macroalgae 1.00 58.24         

20 Inshore detritus 1.00 123.8   0.005      
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Table 5. 4: Parameter values entered (bold) and estimated (standard) by Ecopath software for Traigh Hornais (‘low wrack’ beach) 

Group name TL Biomass 

(wet wt. g.m
-2

) 

P/B 

(day
-1

) 

Q/B (day
-1

) EE P/Q R/A P/R R/B 

(day
-1

) 

Predation mort. rate 

(day
-1

) 

1 Birds 3.65 0.018 0.0003 0.011 0.000 0.03 0.963 0.0390 0.008 0.0000 

2 Common Dab 3.23 0.014 0.001 0.0059 0.000 0.25 0.687 0.4545 0.003 0.0000 

3 Sand eel 3.00 0.009 0.002 0.0065 0.000 0.25 0.688 0.4545 0.004 0.0000 

4 Shrimp 3.26 0.014 0.004 0.0192 0.114 0.2 0.75 0.3333 0.012 0.0004 

5 Carnivorous beetles 3.00 0.019 0.012 0.0464 0.013 0.25 0.687 0.4545 0.026 0.0002 

6 Carnivorous polychaetes 3.55 0.082 0.013 0.0515 0.216 0.25 0.688 0.4545 0.028 0.0028 

7 Eurydice pulchra 3.09 0.500 0.012 0.0383 0.627 0.3 0.625 0.6000 0.019 0.0072 

8 Mysids 2.00 0.026 0.010 0.0693 0.432 0.15 0.813 0.2308 0.045 0.0045 

9 Talitrid amphipods 2.00 6.042 0.010 0.0662 0.277 0.15 0.813 0.2308 0.043 0.0027 

10 Hyperbenthic amphipods 2.10 0.007 0.016 0.1096 0.908 0.15 0.813 0.2308 0.071 0.0149 

11 Bivalve 2.00 0.097 0.008 0.0527 0.458 0.15 0.812 0.2308 0.034 0.0036 

12 Diptera larvae 2.00 0.116 0.008 0.0524 0.356 0.15 0.813 0.2308 0.034 0.0028 

13 Herbivorous beetles 2.00 0.029 0.015 0.0976 0.006 0.15 0.812 0.2308 0.063 0.0001 

14 Detritivorous polychaetes 2.00 0.499 0.007 0.044 0.956 0.15 0.813 0.2308 0.029 0.0063 

15 Oligochaetes 2.00 0.089 0.008 0.0547 0.328 0.15 0.812 0.2308 0.036 0.0027 

16 Other benthos 2.00 0.034 0.008 0.0527 0.950 0.15 0.812 0.2308 0.034 0.0075 

17 Phytoplankton 1.00 2.748 0.416 0.0000 0.001 0.0003 

18 Beach-wrack 1.00 49.292 

19 Inshore detritus 1.00 54.136 0.024 
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5. 4. 3 Food web structure 

 

The balanced food web flow diagrams for Peninerine and Traigh Hornais are shown in 

Figure 5. 4 and Figure 5. 5 respectively. Each functional group in the diagrams is aligned with 

its fractional trophic level on the y-axis, and the sizes of the nodes are proportional to the 

biomass they represent (Christensen et al., 2008). The biomass, production and 

consumption values are also given for each functional group. When comparing the two 

beaches Peninerine (‘high wrack’ Figure 5. 4), clearly had much greater biomasses for several 

detritivore groups, such as talitrid amphipods, diptera larvae, detritivorous polychaetes and 

enchytraeid oligochaetes. Peninerine also had a 67 times greater biomass of birds than 

Traigh Hornais. When comparing the first trophic level of each beach, Traigh Hornais (the 

‘low wrack’ beach) lacked accumulations of drifting macroalgae inshore, and had lower 

biomass of phytoplankton and surf-zone detritus (Figure 5. 5).  

 

On Peninerine (the ‘high wrack’ beach) the most important primary consumers (~ 

trophic level 2) in terms of consumption rates were detritivorous polychaetes (Q = 10.7 g.m
-

2
day

-1
), oligochaetes (Q = 2.81 g.m

-2
day

-1
), Diptera larvae (Q = 2.16 g.m

-2
day

-1
), and talitrid 

amphipods (Q = 0.612 g.m
-2

.day
-1

), Figure 5. 4. Detritivorous polychaetes dominated the 

biomass of fauna on Peninerine (B = 197 g.m
-2

), being 5 times that of Diptera larvae (B = 

36.3 g.m
-2

), 4 times that of oligochaetes (B = 51.3 g.m
-2

), and 23 times that of talitrid 

amphipods (B = 8.59 g.m
-2

). The dominant predators in terms of biomass were birds (B = 

1.21 g.m
-2

), carnivorous beetles (B = 0.931 g.m
-2

) and shrimp (B = 0.198 g.m
-2

).  

 

On Traigh Hornais (low-wrack beach), the dominant primary consumers in terms of 

both biomass and consumption rates were talitrid amphipods (B = 6.04 g.m
-2

, Q = 0.400 g.m
-

2
), followed by detritivorous polychaetes (B = 0.499 g.m

-2
, Q = 0.022 g.m

-2
), Figure 5. 5. The 

dominant predator in terms of biomass and consumption rates on Traigh Hornais was the 

carnivorous isopod Eurydice pulchra (B = 0.616 g.m
-2

, Q = 0.019 g.m
-2

), Figure 5. 5.  
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Figure 5. 4: Flow diagram generated in Ecopath showing trophic links between groups on a beach with large accumulations of macroalgal wrack 

(Peninerine). Shaded circles are proportional to biomass of groups.  B: Biomass (g.m
-2

), P: Production (g.m
-2

.day
-1

), Q: consumption (g.m
-2

.day
-1

). 
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Figure 5. 5: Flow diagram generated in Ecopath showing trophic links between groups on a beach with little accumulation of macroalgal wrack (Traigh 

Hornais). Shaded circles are proportional to biomass of groups.  B: Biomass (g.m
-2

), P: Production (g.m
-2

.day
-1

), Q: consumption (g.m
-2

.day
-1

).  
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Hyperbenthic amphipods found inshore had the highest predation mortality rate on 

Peninerine (‘high wrack’ beach), Table 5. 3. The key predators for this group were shrimp, 

which had a relatively high biomass. Secondary consumers recorded in the intertidal zone on 

Peninerine (detritivorous polychaetes, diptera, oligochaetes, talitrid amphipods) had 

comparatively lower predation mortalities than those in the inshore zone (amphipods, 

isopods, mysids), Table 5. 3. On Traigh Hornais (the ‘low wrack’ beach) hyperbenthic 

amphipods also had the highest predation mortality rate (Table 5. 4).  Their predators on 

Traigh Hornais include common dab, shrimp, carnivorous polychaetes, and carnivorous 

isopods (Eurydice pulchra).  Phytoplankton was under comparatively less predation pressure 

on Peninerine than on Traigh Hornais (0.0004 day
-1

 vs. 0.020 day
-1

, respectively).  

 

The top predators (e.g. birds) on Traigh Hornais were estimated to have higher 

fractional trophic levels that those on Peninerine. This is because birds on Traigh Hornais 

would be consuming a larger fraction of carnivorous invertebrates than on Peninerine, 

where their prey was mostly detritivores. However, the trophic levels estimate for highly 

mobile predators such as birds are only theoretical, and they would differ in reality because 

of the large range of prey consumed outside the model area.  

 

5. 4. 4 Trophic flow and ecosystem indices 

 

The system flow attributes for the two beach ecosystems are given in Table 5. 5. 

Peninerine (‘high wrack’) supported a 29 times greater total biomass of fauna, and was 4 

times more productive that Traigh Hornais. The total system throughput (TST) was 13 times 

greater on Peninerine than Traigh Hornais (42.63 vs. 3.31 g.m
-2

 day
-1

). TST originating from 

detritus and phytoplankton were 95.1% and 4.9% respectively on the Peninerine, and 

65.40% and 34.54% on the Traigh Hornais (Table 5. 5). Detritus thus dominated the base of 

the food web in both cases, but phytoplankton was relatively more important as a food 

source on the ‘low wrack’ beach than the ‘high wrack’ beach. The ratio of total primary 

production over total respiration is (Pp/R) was 19 times lower on the Peninerine compared 

to Traigh Hornais (0.200 vs. 3.78 g.m
-2

.day
-1

 respectively). The primary production to 

biomass ratio (Pp/B) was 15 times lower on Peninerine that Traigh Hornais (0.007 vs. 0.111). 

Peninerine had a negative net system production (-8.58 g.m
-2

.day
-1

), while that of Traigh 
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Hornais was small but positive (0.841 g.m
-2

.day
-1

). A negative net system production occurs 

when total system respiration is greater than the gross primary production, and is common 

in systems with lots of detrital matter. 

 

Table 5. 5: Comparison of ecosystem attributes on two beaches; Peninerine 

with high accumulations of wrack and Traigh Hornais with low accumulations 

of wrack. 

  

(a)   Summary statistics 

Peninerine 

(‘High wrack’) 

Traigh Hornais 

(‘Low wrack’) 

Sum of all consumption, Q (g.m
-2

.day
-1

) 16.44 0.47 

Sum of all exports (g.m
-2

.day
-1

) 7.73 1.25 

Sum of all respiratory flows (g.m
-2

.day
-1

) 10.69 0.30 

Sum of all flows into detritus (g.m
-2

.day
-1

) 7.77 1.29 

Total system throughput (TST) (g.m
-2

.day
-1

) 42.63 3.31 

Sum of all production (g.m
-2

.day
-1

) 4.57 1.22 

Total net PP (g.m
-2

.day
-1

) 2.11 1.14 

Total PP/total respiration (g.m
-2

.day
-1

) 0.20 3.78 

Net system production (g.m
-2

.day
-1

) -8.58 0.84 

Total PP/total biomass  0.007 0.11 

Total biomass/total throughput 7.10 3.12 

Total biomass (excl. detritus) (g.m
-2

) 302.74 10.34 

   
Total system throughput (TST): 

  
From Primary Production (PP)  (g.m

-2
.day

-1
) 2.109 1.14 

From Detritus  (g.m
-2

.day
-1

) 40.53 2.16 

% from PP 4.95 34.54 

% from Detritus 95.06 65.40 

   
(b)   Network flow indices 

  
Ascendency (Total) Flowbits (A)  67 5 

Overhead (Total) Flowbits (O) 70 2 

Capacity (Total) Flowbits (C) 137 7 

A/C (%) 49 73 

O/C (%) 51 27 

Ai/Ci 24 39 

   

FCI (% total throughput) 0.03 0.3 

Predatory cycling index (% total throughput) 0.00 0.46 
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Traigh Hornais (‘low wrack’ beach) had higher A/C and Ai/Ci ratios than Peninerine 

(‘high wrack’ beach). In both cases the ratios were 1.5 times greater on Traigh Hornais, 

indicating that the food web was more organized, and the flow of energy was more 

constrained to fewer trophic groups than on Peninerine. Conversely, the O/C ratio for Traigh 

Hornais was 1.8 times lower than that for Peninerine (51% vs. 27% respectively). This 

indicates that Peninerine (‘high wrack’ beach) had a greater diversity of trophic links through 

which energy flowed more evenly, making the system more resilient to perturbations and 

capable of adapting to disruptions to the ecosystem.  

 

The Finn cycling index for Traigh Hornais (‘low wrack’) was 10 times greater than for 

Peninerine (0.30 vs. 0.03), indicating that more energy is recycled on the ‘low wrack’ beach 

than the ‘high wrack’ beach. The differences in Finn cycling index may be attributed to 

different detrital loads. The detritivores on the Traigh Hornais (low wrack beach) depend 

largely on consuming the detritus generated within the system through excretion and 

mortality of other fauna. Conversely, the fauna on the Peninerine (‘high wrack’) do not 

recycle detritus generated within the system because of the plentiful import of macroalgal 

detritus from adjacent ecosystems, which meets the consumptive demands of all beach 

fauna.  

 

The trophic level decomposition (Lindeman spines) of the two beaches is shown in 

Figure 5. 6, and the biomasses assigned to each discrete trophic level are shown in Table 5. 

6. The Lindeman Spine shows the net biomass consumed, losses as a result of predation, 

flows to detritus, and transfer efficiencies for the discrete trophic levels on each beach. It is 

important to remember that the Lindeman Spine represents the flows of biomasses 

between discrete trophic levels (see section 5. 3. 5 on Lindeman Spine), and is not a 

representation of the trophic position of specific taxa. Since many of the taxa in this model 

were omnivores, their biomass may flow between several trophic levels in the Lindeman 

Spine. For example, the biomass of detritivores such as Diptera and talitrid amphipods would 

be confined to TL II, but the biomass of omnivores such as isopods would be partitioned over 

TL II - III depending on the proportion of detritus, detritivores and primary predators in their 

diet.  
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Figure 5. 6: Lindeman spines of beach food webs for A) Peninerine (‘high wrack’ beach) 

and B) Traigh Hornais (‘low wrack’ beach). TE = transfer efficiency, TL = trophic level. Flows 

are in grams (wet weight).m
-2

.day
-1

.  

 

Table 5. 6: Trophic level decomposition showing total biomass and total system 

throughput for discrete trophic levels on Peninerine (‘high wrack’ beach) and Traigh 

Hornais (‘low wrack’ beach) 

Biomass (g.m
-2

.day
-1

) Total system throughput (%) 

Trophic group Peninerine Traigh Hornais Peninerine Traigh Hornais 

Primary producers 5.07 2.75 5.07 34.5 

Detritus 2.02x10
4
 103 56.5 51.3 

TL II 295 6.94 38.3 13.4 

TL III 2.45 0.601 0.207 0.638 

TL IV 0.0306 0.0545 1.00x10
-3 

0.0640 

TL V 3.79x10
-4 12.0x10

-4 
1.50x10

-5
 3.15x10

-4 

 

Consumption of detritus by primary consumers (TL II) was 36 times greater on 

Peninerine (16.4 g.m
-2

.day
-1

, Figure 5. 6 (A)) compared to Traigh Hornais (0.444 g.m
-2

.day
-1

, 

Figure 5. 6 (B)). However, consumption rates between TL II and TL III were only 4 times 

greater for Peninerine (0.0888 g.m
-2

.day
-1

) than Traigh Hornais (0.0221 g.m
-2

.day
-1

). This 
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suggests that despite the abundant prey resources available in TL II (detritivores) on 

Peninerine, the biomass and consumption by predators in TL III is limited by something other 

than food supply. It also suggests that the detritivore food resources on Peninerine far 

outweigh the consumptive needs of their predators, by an order of magnitude. The transfer 

efficiencies (TE’s) were lower for Peninerine compared to Traigh Hornais at TL II and TL III 

(Figure 5. 6), indicating that although a large amount of food is being consumed by lower 

trophic levels on Peninerine, it is not effectively being transferred to higher trophic levels 

because of its abundant supply relative to predator biomass.  

 

On both beaches the majority of the total system throughput (TST) and biomass for 

consumers were aggregated in trophic level II, and only a small fraction of the TST was 

associated with top predators in both cases (Table 5. 6). When comparing beaches, the 

differences in biomass for each trophic level (e.g. biomass of TL II on Peninerine vs. Traigh 

Hornais) became less pronounced further up the food chain (Table 5. 6). Peninerine had 

370 times more detritus (in terms of biomass) than Traigh Hornais (2.02x10
4
 g.m

-2
 vs. 56.5 

g.m
-2

, Table 5. 6), 42.0 times more TL II consumers (295 g.m
-2 

vs. 6.93 g.m
-2

), 4.07 times more 

TL III consumers (2.45 vs. 0.601 g.m
-2

) , and 0.50 times more TL IV consumers (0.0306 g.m
-2

 

vs. 0.0545 g.m
-2

). The food supplies thus do not seem to affect trophic levels equally, and the 

exceptionally high biomass of detritivores on Peninerine does not lead to a linear increase in 

the biomass of higher level consumers.  

 

5. 5 Discussion 

 

This study presents the first analysis of ecosystem structure and energy flow on 

geographically proximal beaches with contrasting inputs of macroalgal wrack. The models 

were built using real biomass data collected for functional groups in the study area (rather 

than estimates), and this adds to the strength and validity of the results. The study provides 

a visual and mathematical representation of food webs on the two beaches which can be 

used to assess ecosystem structure and energy flows. It shows how functional groups may 

differ on beaches in response to the food resources available, and quantifies the 

consumption, biomass, production and total energy flow through all functional groups. It 

also assesses the level of ‘organization’ and resilience of food webs on the beaches with 
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different loads of wrack. The resulting models were used as a framework to discuss the 

ecological theory of food webs on beaches with wrack subsidies.  

 

5. 5. 1 Functional groups and trophic structure 

 

The two beaches studied were characterized by notably different functional groups, 

presumably influenced by the food, refuge and habitat complexity offered by wrack, as well 

as the physical characteristics of the beach (Schlacher et al., 2008, Brown and McLachlan, 

1990). Peninerine, which was more sheltered with lots of wrack, had a greater biomass of 

primary consumers and detritivores (e.g. polychaetes, Diptera larvae, oligochaetes, mysids) 

and their predators (e.g. coleoptera, crabs, shrimp, fish and birds). The large biomass of 

sedentary deposit feeding polychaetes on Peninerine is typical of sheltered beaches where 

the sediments are relatively stable (Brown and McLachlan, 1990), with a high input of 

organic matter (Brown and McLachlan, 1990) . Traigh Hornais on the other hand was more 

exposed with minimal wrack input and the fauna was dominated by the very mobile, 

carnivorous isopod Eurydice pulchra, which was absent from Peninerine. Mobile fauna, such 

as E. pulchra, are better adapted to quickly locating their prey on turbulent exposed 

beaches, where food supply may be erratic and is continually washed around (Brown and 

McLachlan, 1990). E. pulchra can also rapidly burrow (down to 20 cm) in the more mobile 

sands of exposed beaches to prevent being washed away by wave action (McIntyre, 1970, 

Jones, 1970). Filter feeding bivalves were also absent from Peninerine, and may be 

attributed to  difficulties in extruding their siphons above the sand surface when it is covered 

in wrack (Brown and McLachlan, 1990). Hypoxia associated with organic loading would also 

influence the functional groups present, with some fauna (e.g. enchytraeid oligochaetes on 

Peninerine) being better adapted to low oxygen and high sulphide (hypoxic) environments 

(Pearson and Rosenberg, 1978), as discussed in Chapter 3. 

 

Benthic infauna (such as detritivorous polychaetes), which occurred in great 

biomasses on Peninerine (high wrack beach), occupy a central position in beach food webs 

(Brown and McLachlan, 1990). They are valuable food for inshore predators (e.g. fish and 

shrimp) as well as in the intertidal and supralittoral predators (e.g. birds), and are thus the 

common link between terrestrial and marine food webs. On Peninerine (‘high wrack’ beach), 
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oligochaetes and Diptera larvae were the most important fauna for the processing and 

consumption of wrack and detritus found in the intertidal, however detritivorous 

polychaetes were the dominant fauna in terms of biomass. Detritivorous polychaetes were 

also considered to be the most important prey item on Peninerine, owing to both their high 

biomass and incorporation in the diet of several key predators (birds, shrimp, crabs and 

plaice). The biomass of benthic infauna was comparatively low on Traigh Hornais, and was a 

virtual absence of terrestrial and inshore predators (birds, fish, crabs and shrimp). The 

greater diversity and biomass of inshore predators (fish, crabs and shrimp) on Peninerine 

may thus be partially ascribed to the greater prey availability on this beach, as well as 

provision of shelter amongst drifting macroalgae (Lenanton et al., 1982, Vandendriessche et 

al., 2007), and the more sheltered nature of the beach. Peninerine attracted a greater 

diversity and biomass of birds, although the bird data only constitutes a single count at low 

water on one day. However, Peninerine was shown in Chapter 2 to attract birds year-round, 

especially during migrating and over-wintering periods. Results in Chapter 2 also showed 

that the abundance of waders declines linearly as the percentage cover of wrack on the 

beach declines. The findings are also commensurate with the literature showing that birds 

are attracted to beaches with large accumulations of wrack because of the enhanced 

foraging opportunities (Dugan et al., 2003). 

 

5. 5. 2 Trophic flow and ecosystem energetics 

 

Peninerine supported a total faunal biomass 29 times greater than Traigh Hornais, 

and this can be attributed to the large input of wrack, combined with a relatively sheltered 

beach environment (Brown and McLachlan, 1990). As a result, the total faunal production 

(g.m
-2

.day
-1

) on Peninerine was 4 times greater than Traigh Hornais, and the flow of energy 

(TST) through all trophic levels was 13 times greater. The highest energy flows (TST) on both 

beaches were observed for primary consumers (trophic level II), and the majority of energy 

originated from detritus rather than primary production.  This highlights the importance of 

allochthonous material in subsidizing beach food webs (Colombini and Chelazzi, 2003). It 

also highlights the role of wrack in providing shelter and habitat complexity to fauna, and 

thereby increasing their survival by protecting them from predation (Lenanton et al., 1982) 

and environmentally stressful conditions (Koch, 1989, Colombini et al., 2009). It would be of 
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interest to conduct a sensitivity analysis whereby the biomass of detritus in the system was 

increased or decreased and the response of the food-web assessed. This would provide 

estimates on the extent to which detritus availability influences the development of sandy 

beach food webs. However, it would not take into physical environmental factors (e.g. grain 

size and exposure rating) which may influence, and ultimately limit, the biomass of fauna on 

the beach.  

 

Although the food webs of both beaches were based on detritivory rather than 

herbivory, phytoplankton contributed more towards the TST on Traigh Hornais than on 

Peninerine (34.5 % vs. 5.06 % TST respectively). Phytoplankton had a predation mortality 

rate 3 times greater on Traigh Hornais compared to Peninerine, and all the consumption of 

phytoplankton occurred in the inshore zone. This suggests that on beaches with a low input 

of wrack, inshore fauna may depend more on phytoplankton to meet their energetic 

demands. However, the greater consumption of phytoplankton on Traigh Hornais may also 

be an artefact of model parameterization, because many of the diet ratios were apportioned 

according to the prey available on the beach (there was relatively more phytoplankton on 

Traigh Hornais). Many primary consumers on sandy beaches are non-discriminate deposit 

and suspension feeders, and are able to adapt their diet to the food resources available 

(Mauchline, 1980, Brown and McLachlan, 1990). For example, mysids feed indiscriminately 

on suspended matter in the water column such as detrital macroalgal material, fine 

particulate matter and microalgae (Mauchline, 1967). This is an essential survival mechanism 

in an environment with fluctuating and transient food resources. It is probable that the 

trophic importance of phytoplankton versus macroalgal detritus varies spatially and 

temporally, in accordance with the biomass of these resources available in the ecosystem 

(Dunton and Schell, 1987), as discussed in Chapter 4. Microphytobenthos was not included 

in the models, and since this source of primary production may be an important food to 

benthic infauna and hyperbenthic fauna (Miller et al., 1996), its role in beach ecosystems 

should be explored in future models.  

 

Several of the ecosystem indices clearly reflect the ecosystem response of Peninerine 

to organic loading from macroalgal wrack. The ratio of primary production to total 

respiration (Pp/R) and primary production to biomass ratio (Pp/B) were both lower on 
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Peninerine than Traigh Hornais. This is because the large amount of organic matter (from 

wrack) on Peninerine increased the level of respiration on the beach relative to Traigh 

Hornais and this lowered the Pp/R ratio (Christensen, 1995).  The low Pp/B ratio on 

Peninerine is also a characteristic of organic loading (Christensen, 1995), and can be 

attributed to comparatively large biomass of fauna (detritivores) found on this beach. 

Peninerine had a negative net system production, signifying that the total system respiration 

was greater than the gross primary production (Christensen, 1995). This occurs in 

ecosystems which receive large imports of organic matter (Christensen, 1995).  

 

5. 5. 3 Energy recycling 

 

The Finn’s cycling index (FCI) for Traigh Hornais was 10-times greater than for 

Peninerine (FCI = 0.3 and 0.03 respectively). This indicates that more biomass is recycled 

within the low-wrack beach, i.e. more of the detritus generated in the system is retained and 

re-utilized (re-consumed) rather than being exported. Thus, where there is relatively little 

import of organic matter (wrack) the beach food web is more self-sustaining, and primary 

consumers and their predators depend on energy (biomass) retained within the system for 

food. Conversely, on the high-wrack beach there is such an abundance of food imported (in 

the form of wrack) that there is comparatively little recycling of biomass within the system, 

and the majority of biomass and detritus that is generated (e.g. through reproduction and 

excretion) is exported.  

 

The FCIs for Peninerine (0.03%) and Traigh Hornais (0.3%) are well below those 

reported by Heymans et al. (2012) in a meta-analysis of 75 marine ecosystem models 

(overall mean FCI = 8.98%). Only four of the 75 had FCIs < 0.4%; however this meta-analysis 

did not include sandy beaches. The FCIs of the Uists beaches are also below that reported for 

a dissipative beach (FCI = 0.41%) and reflective beach (FCI = 0.80%)  in Uruguay (Lercari et 

al., 2010), and a beach in South Africa (FCI = 13%) (Heymans and McLachlan, 1996). The 

exceptionally low FCI for Peninerine (‘high wrack’ beach) supports the notion that the food 

web is sustained by the import of allochthonous matter, rather than recycling and 

regeneration of matter within the system (Colombini and Chelazzi, 2003). Beaches, 

especially those with wrack inputs, thus act more as receivers of energy rather than centres 
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for energy recycling as in ecosystems such a, for example, rainforests. However, the 

microbial loop and interstitial fauna which were not included in the present food webs may 

be responsible for a significant amount of the energy recycling, and this warrants further 

investigation.  

 

5. 5. 4 Ecosystem resilience 

 

Traigh Hornais (‘low wrack’ beach) had higher A/C and Ai/Ci ratios than Peninerine 

(‘high wrack’ beach). The comparatively high Ai/Ci ratio on Traigh Hornais indicates that it is 

“relatively indifferent to outside supplies and demands” (Baird et al., 1991), and most of the 

energy is internalized within the system. This is in line with the findings from the FCI values. 

The A/C values indicate that the majority of energy flows through fewer trophic pathways on 

Traigh Hornais when compared to Peninerine. Conversely, on Peninerine the energy flows 

more evenly through all of the possible trophic pathways (i.e. the diet of predators is spread 

more evenly across all potential prey). This would suggest that Traigh Hornais has a more 

‘organized’ food web in which specialized communities dominate, and Peninerine supports 

more generalist feeders.  

 

Highly specialized systems (with a relatively high A/C) are described as being more 

‘brittle’ and less capable of adapting to external perturbations because they effectively have 

fewer trophic connections through which the majority of the energy flows. In specialized 

systems there is also a lack of ‘functional redundancy’ (Rosenfeld, 2002). Redundancy occurs 

when several species with similar trophic niches are found in one ecosystem, and is 

considered to make ecosystems more resilient to perturbations (Rosenfeld, 2002, Ulanowicz, 

2000, Baird et al., 1991). In addition, the relative system overhead (O/C) which is a measure 

of ecosystem resilience (Ulanowicz, 2000), was 1.8 times greater on Peninerine. This 

suggests that beaches which accumulate wrack have a less ‘specialized’ trophic structure and 

greater functional redundancy, giving them a greater capacity to recover from disturbances. 

However, because of the poor quality of diet data used to parameterize the model caution 

should be exercised when speculating about A/C and O/C values. Due to the paucity of 

literature on diet compositions, the majority of diet proportions in the model were 

estimated relative to the biomass of prey available. Therefore, the relatively even flow of 
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energy across the Peninerine food web is likely to be a function of a more even distribution 

of prey biomass rather than less specialization in their diet.  

 

The current study indicates that on ‘high wrack’ beaches the food webs may be more 

resilient to anthropogenic changes. Sandy beaches worldwide are subject to a wide variety 

of anthropogenic disturbances, which are predicted to increase in intensity and scale by 

2025 (Defeo et al., 2009, Brown and McLachlan, 2002). Disturbances that affect beach food 

webs include increased storm frequency, harvesting of macroalgal wrack, beach nourishing 

and bulldozing, pollution and disruption of sand transport, to mention a few (See Brown and 

McLachlan, 2002). Of these, the greatest threat is the increased frequency of storms related 

to climate change and sea level rise (Harris et al., 2011, Brown and McLachlan, 2002), which 

result in significant erosion of sand (Brown and McLachlan, 2002). In extreme cases, which 

have been observed in the Uists  (Dawson et al., 2007), sand is completely eroded from the 

beach and only bedrock remains (Pers. Obs.). In this situation sand and resident fauna (such 

as polychaetes) are washed out to sea (Brown and McLachlan, 2002, Harris et al., 2011).  

 

The benthic infauna are important prey for top predators such as birds and fish (see 

chapters 2, 3 and 4), and their removal by storm erosion would have negative affects up the 

food web (Harris et al., 2011). The effects of erosion may be buffered on beaches which 

accumulate wrack because of the greater diversity of habitats for fauna (e.g. wrack deposits 

above extreme high water springs), and thus the greater diversity of prey items. For 

example, if the biomass of benthic infauna such as polychaetes is depleted by erosion, the 

wrack inhabiting fauna may still be available for higher trophic levels such as birds. In the 

Uists, birds which mainly feed on benthic infauna (e.g. Dunlin) were observed to switch their 

feeding habitat to wrack when large quantities of sediment were lost after a storm (Pers. 

obs.). However, the effect that increased storminess has on the deposition of wrack, and 

associated effects to beach food webs, needs to be investigated. If by contrast, wrack banks 

are washed out to sea as a result of extreme high tides combined with easterly winds (as is 

often the case), the sediment infauna may still be available to top predators as a food 

resource. This role of wrack in increasing the resilience of sandy beach food webs warrants 

detailed investigation, especially in light of the threats facing sandy beaches.   
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5. 5. 5 Transfer efficiencies and limitations to the development of 

beach food webs 

 

Transfer efficiencies (TE’s) between trophic levels for both beaches were low 

(maximum 4% TE) when compared to the 75 marine ecosystems reviewed by Heymans et al. 

(2012), in which the mean TE reported for coastal areas was 13%.  However, the TE’s 

observed in this study were within the range reported for other sandy beaches (Lercari et al., 

2010). Low TE’s reflect the low level of predation from higher trophic level organisms 

(Christensen and Pauly, 1993), especially when wrack is present.  This may indicate that 

primary food (wrack) and prey resources (e.g. Diptera larvae and polychaetes) are super-

abundant relative to the demands of predators on beaches which accumulate wrack in the 

Uists. Low transfer efficiencies may also indicate that the fauna are feeding on low-energy 

food (especially on Peninerine), and that much of the energy consumed is lost through 

excretion (Christensen and Pauly, 1993). This is expected in detritus dominated systems 

(Christensen and Pauly, 1993). The low biomass of primary consumers relative to that of 

wrack may also suggest that fauna are only partially reliant on wrack for food, but that it 

forms an important habitat for shelter. It is possible that the production of primary 

consumers is limited by another food sources not included in this model, such as benthic 

diatoms and meiofauna.   

 

The results also suggest that even when there is an abundant supply of food, the 

development of the macroscopic food web is limited by other factors, such as the physical 

environment of the beach (Defeo and McLachlan, 2005, Brown and McLachlan, 1990). For 

example, the biomass of primary consumers such as talitrid amphipods, Diptera larvae and 

beetles may be limited by the area of dry supralittoral habitat, regardless of how much 

wrack is available on the entire beach. In addition, the literature (Clark et al., 1996) and 

results from Chapter 4 (section 4. 4. 5) suggested that wave height and exposure are the 

most significant factors limiting the abundance of large inshore fauna, such as decapods and 

fish, on sandy beaches. These physical limitations imposed by the beach environment may 

explain why the differences in biomasses between beaches reduced as trophic level 

increased. For example Peninerine (high-wrack) had 42 times more TL II consumers than 

Traigh Hornais, but only 4.0 times more TL III consumers than Traigh Hornais.  
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The biomass of wrack on Peninerine was three orders of magnitude greater than the 

consumption by detritivores. Excess wrack not utilized for the growth and production of 

macroinvertebrates may percolate through the sediments as particulate and dissolved 

organic matter (Dugan et al., 2011, Koop et al., 1982), or be exported by waves and tides to 

other coastal food webs (Griffiths et al., 1983). On a Western Cape beach in South Africa it 

was estimated that 30% of the total input of macroalgal wrack to the intertidal zone 

eventually enters the sand as particulate and dissolved organic material or is washed back 

out to sea (Griffiths et al., 1983).  The organic matter in the sediments may also be utilized 

by the microbial loop and interstitial food webs (Koop and Griffiths, 1982, Koop et al., 1982), 

which facilitate the release of dissolved nutrients into sediment pore water (Koop et al., 

1982, Dugan et al., 2011). If these re-mineralized nutrients are subsequently flushed from 

the beach then they become available for the growth of primary producers in nearshore 

waters (Dugan et al., 2011). It is likely that these ‘invisible’ microbial and interstitial food 

webs are processing large amounts of the organic matter derived from wrack on the beaches 

of the Uists, but this remains to be tested.      

 

Although the current study shows that prey biomass is not being maximally exploited 

by higher trophic level fauna on Peninerine, it only represents a one-day snapshot of the 

beach food web. Many of the birds, fish and macrocrustaceans reported have seasonal 

migration patterns and their biomasses will fluctuate periodically, which would lead to 

variability in their energy demands (see discussion in Chapter 2).  For example, predation 

rates may increase when the beaches act as nursery areas for juvenile fish between April and 

August (Gibson et al., 1993), or when they are used as overwintering and migration stop-

over sites for waders (Prys-Jones et al., 1992b), as highlighted in Chapter 2. Beaches with 

wrack accumulations may thus represent an important food reservoir for higher trophic level 

fauna (and shelter) during sensitive or vulnerable life stages, and this needs to be further 

investigated. 
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5. 6 Conclusions 

 

The findings suggest that sandy beaches which accumulate wrack support highly 

productive food webs that are maintained by the import of organic matter. However, the 

supply of wrack outweighed the consumptive demands of the grazers, and the biomass of 

invertebrate prey was far greater than the needs of predators. Thus, other factors, such as 

the physical beach environment and habitat availability may limit faunal biomasses on 

beaches, regardless of the quantities of food available. Wrack not utilized by the 

macroscopic food web may be processed by interstitial fauna, or be washed from the beach 

to be used by other food webs in the form of wrack fragments, particulate and dissolved 

organic carbon or inorganic nutrients.  Therefore, beaches which accumulate wrack function 

as an interface for the processing and exchange of energy with other environments. This 

study also suggests that accumulations of wrack increase the resilience of sandy beach food 

webs, mainly through diversifying food resources available to higher trophic level fauna.  
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6 Ecosystem model for predicting the trophic impacts of harvesting 

wrack  
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6. 1 Abstract 

 

The aim of this study was to predict the multi-trophic impacts of harvesting wrack 

from the intertidal zone over long time scales at various intensities. A simple food web 

model was constructed in Ecopath for the intertidal zone of beaches which accumulate 

wrack, representing biomass and trophic links between fauna over one-year. Functional 

groups included wrack, microphytobenthos, benthic infauna in sediment, 

macroinvertebrates in wrack banks and shorebirds (gulls: Laridae and waders: Scolopacidae). 

The model did not include inshore fauna. Time-dynamic harvesting scenarios were then 

simulated in Ecosim whereby:  i) wrack was removed at varying intensities (10-100% wrack 

removal) for 25 years, after which the time taken for all fauna to recover to pre-harvest 

biomasses was estimated, and; ii) wrack was harvested for 100 years at varying intensities, 

during which the predicted long-term impacts to shorebirds was assessed.  Model results 

suggest beaches which accumulate wrack are centres of high biological activity, with a total 

flow of energy annually that is equivalent to coral reefs. Wrack removal predicted an 

immediate decline in primary consumers (e.g. Diptera larvae, oligochaetes, talitrid 

amphipods, polychaetes) that was proportional to harvesting intensity, and their average 

recovery time was 1-2 years independent of harvest intensity.  Slower declines in shorebird 

biomasses were predicted, but predicted recovery times were longer (2-60 years) and were 

proportional to harvest intensity. When >50% wrack biomass was removed, waders 

‘collapsed’ to <10% of their pre-harvest population, and recovery time increased significantly 

from 13 years to 45-60 years. Similar results were observed for gulls. From the model 

predictions it is strongly advised that no more than 30-40% wrack is harvested, which would 

allow shorebird populations to recover within a decade if harvesting ceased, all else being 

equal. However, these recommendations do not take into account the role of wrack in 

meeting the needs of adjacent ecosystems. In this study the quantity of wrack exported from 

the beach annually was predicted to be 4-9 times greater than the local production rate of 

phytoplankton in the nearshore. Therefore, wrack exported from beaches may be a more 

plentiful food to suspension and deposit feeding macroinvertebrates than phytoplankton. To 

truly address the impacts of removing wrack, or changing biomasses of subtidal kelp, models 

should be constructed linking multiple coastal ecosystems which rely on kelp-detritus for 

food.   
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6. 2 Introduction  

 

The research in this thesis has focused on the ecology of beaches with accumulations 

of wrack, and compared it to beaches without wrack. The results from the preceding 

chapters indicate that beaches which accumulate wrack support greater biomasses of fauna 

(macroinvertebrates, fish and shorebirds) and exhibit greater secondary production than 

beaches which do not accumulate wrack.  These field observations were used to make 

inferences about the possible impacts of removing wrack from beach ecosystems. The 

results from chapters 2 to 5, together with supporting evidence from the literature, 

suggested that the removal of wrack from beaches could reduce macroinvertebrate biomass 

and lead to a consequent decline of their predators, such as shorebirds (Dugan et al., 2003, 

Revell et al., 2011) and fish (Kirkman and Kendrick, 1997, Lavery et al., 1999). However, the 

field-based studies in previous chapters, and the literature, cannot be used to predict the 

impacts of harvesting wrack over extended time periods and at varying intensities. The 

quantity of wrack on the beaches of the Uists is also too large (and the 3 year study period 

too short) to conduct meaningful manipulative experiments on the impacts of harvesting 

wrack for biofuel over long time periods. The next and final step in this thesis was thus to 

generate quantitative predictions about the ecosystem effects of harvesting wrack, at 

varying harvesting intensities over an extended time period (25 to 100 years). This was 

undertaken using the Ecopath with Ecosim (EwE) modelling suite.   

 

Ecosim has been described as a ‘policy search’ software and a primary goal of its 

developers was that it be used to “conduct fisheries policy analysis that explicitly account for 

ecosystem trophic interactions” (Walters et al., 1997). Ecosim can thus be used to explore 

various harvesting scenarios that are designed to meet policy and management objectives, 

and estimate ecosystem consequences of each management strategy (Pitcher and Cochrane, 

2002). Typically, management strategies can include: i) maximizing economic value of the 

resources; ii) maximizing employment; iii) maintaining ecosystem structure and diversity, or; 

iv) ‘making a compromise’ by giving equal priority to social, economic and environmental 

objectives (Pitcher and Cochrane, 2002).  In this current chapter only the ecosystem 

consequences of harvesting wrack are being considered under various harvesting scenarios. 

However, should the ‘seaweed for biofuel’ sector advance then models should be developed 



Chapter 6: Predicting harvest impacts 

 

174 

 

to consider the complex trade-offs between social, economic and environmental objectives 

(CBD, 1992, Leslie and McLeod, 2007).  

 

Ecosystem models (such as those developed in EwE) cannot be used to provide 

precise predictions of the impacts of resource harvesting, but they can be used to make 

estimates of a reasonable range of impacts (Pitcher and Cochrane, 2002). When exploring 

harvesting scenarios it is important to consider the key sources of uncertainty in the 

ecosystem model, and the possible implications to the results and conclusions (Pitcher and 

Cochrane, 2002). These uncertainties (or error margins) may be present in the model input 

parameters (e.g. biomass or production/biomass values), and can be explicitly incorporated 

into the Ecopath model as probability distributions (Christensen and Walters, 2004). These 

probability distributions are then used in Ecosim to generate a range of possible outcomes 

for the tested harvesting scenario, and this is achieved by using a Monte Carlo approach of 

randomly selecting input parameters from the probability distribution specified for the input 

data (Christensen and Walters, 2004). Other uncertainties that are more difficult to define 

include behavioural adaptations of species to changing food resources, such as using a new 

foraging area or switching diet to outside the defined model area. For example, many coastal 

bird species feed both in marine and terrestrial environments and can switch their feeding 

habitat relative to prey resources available (Burton, 2012, Smart and Gill, 2003). Migratory 

species (such as waders) also introduce unquantifiable uncertainty into model predictions 

because they are influenced by environmental factors that extend well beyond the model 

boundaries (Christensen et al., 2008). All model results which cannot explicitly incorporate 

uncertainties should thus be interpreted with caution.  

 

The objectives of this study were to: 1) construct a single mass-balanced food web 

model for the intertidal zone of wrack-subsidized beaches over a one year period using 

Ecopath; 2) quantify the biomass flows, total throughput, production and export of biomass 

from the intertidal zone of beaches with wrack over an average one year period; 3) run time 

dynamic scenarios (using Ecosim) to assess the impacts of wrack harvesting on all trophic 

levels, and; 4) determine the time taken for fauna to recover to within 10% of their original 

biomass if harvesting ceased (after a pulse perturbation of harvesting). This is the first study 

attempting to quantitatively predict the ecological impacts of wrack harvesting, at varying 
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intensities, over long time scales. The study addresses impacts to shorebirds and examines 

the role of beaches in processing and exporting organic matter (from wrack) to adjacent 

ecosystems.  

 

6. 3 Materials and methods 

 

A single mass-balanced Ecopath model was built to represent wrack-subsidized 

beaches on the west coast of the Uists islands, Scotland. This Ecopath model was used in 

Ecosim to generate time-dynamic harvesting scenarios for assessing the trophic impacts of 

removing wrack. Unlike the models developed in the previous Chapter 5, which extended 

from the inshore (surf) zone to the start of the terrestrial vegetation line, the model in the 

current chapter only included the intertidal zone (Figure 2. 3, page 34). It was decided not to 

include any functional groups from the inshore zone (e.g. fish and mysids) because biomass 

estimated were only available for one day in the year for this zone (See methods in Chapters 

4). In addition, many fauna in the intertidal zone were assumed to be feeding on drifting 

macroalgal wrack and associated particulate organic matter, much of which would have 

originated from beach-cast wrack. To accurately model the impacts of harvesting beach-cast 

wrack to these inshore consumers it would be necessary estimate the rate of exchange 

between the biomass of wrack on the beach and drifting macroalgae in the water column. 

Unfortunately it was not possible to estimate this in the given timescale of the thesis.  

 

The food web model in the current chapter was parameterized with biomass data for 

beach-cast wrack, macroinvertebrates within wrack, benthic infauna within sediment and 

shorebirds presented in Chapter 2, in which three beaches which accumulate wrack were 

sampled over a one-year period (August 2010- August 2011). The biomass data for all 

seasons and all beaches in Chapter 2 were averaged such that an ‘average’ wrack subsidized 

beach could be modelled, which incorporated spatio-temporal variability.  It is important to 

note that the model was not developed to assess seasonal variability in the ecosystem 

(hence averaging over time and beach), but was used to predict long term changes in the 

ecosystem if wrack were removed.  
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6. 3. 1 Study sites 

 

The three beaches (Bornish, Peninerine and Traigh Hornais) from which data were 

collected to parameterize the model are described in Chapter 2, section 2. 3. 1 (page 31), 

and shown in Figure 2. 1 (page 32).  The study area was defined here as the area extending 

between mean low water and the top of the beach (the start of the terrestrial vegetation 

line), for a 300 m length of shore. This modelling study did not extend into the water 

column. The ecology of these three beaches is described in detail in Chapter 2, but in 

summary; all three beaches had macroalgal wrack accumulations year-round, with the 

greatest wrack inputs during winter. The beaches supported a rich invertebrate fauna year-

round, both within the wrack banks and the sediment at mean low water. The three beaches 

were also utilized as foraging grounds for shorebirds year-round, with peak abundances 

during the overwintering and spring migration periods.   

 

6. 3. 2 The Ecosim approach 

 

The ecosystem model was constructed using the Ecopath with Ecosim (version 6) 

suite (http://www.ecopath.org). Ecopath uses a mass-balanced approach, in which the 

functional groups within the model are trophically linked and balanced by consumption, 

production and exports over a given time period (Christensen and Walters, 2004). Once the 

model is developed in Ecopath it can be subjected to time-dynamic simulations using Ecosim 

to explore policy and management scenarios. These time dynamic simulations were used to 

manipulate the biomass of wrack over a given time period, and predict the direct and 

indirect impacts to other fauna.  

 

The theory behind the parameterization of Ecopath models is given in detail in 

Chapter 5 (section 5. 3. 2, page 135).  The biomass dynamics in Ecosim are represented by a 

series of coupled differential equations, which are derived from the first Ecopath master 

equation (Eq. 5.1, page 135, for detailed description).   
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The Ecosim equation derived from the first Ecopath master equation is expressed as 

(Christensen et al., 2008): 

 

 *C?*Z =  /? N EF?
F

, N E?F
F

+  X? , (=>? +  W? +  [?) A C?  
(Eq. 6. 1) 

 

Where dBi/dt represents the growth rate during the time interval dt of group i in 

terms of its biomass, Bi, gi is the net growth efficiency, MOi is the natural mortality rate not 

induced by predation and is estimated from ecotrophic efficiency (EE), Fi is the fishing 

mortality rate, ei is emigration rate, Ii is immigration rate (which is assumed to be constant 

over time), and ei x Bi – Ii is the net migration rate (from Ecopath master equation Eq. 5.1). 

The first summation estimates the total consumption by prey group i and the second 

summation estimates the predation by all predators j on the same group i.  

 

 The biomass of predators and prey (Bi) are divided into ‘vulnerable’ and 

‘invulnerable’ components based on the ‘foraging arena’ theory (Walters et al., 1997). For a 

review on the foraging arena theory in Ecosim see Ahrens et al. (2012). Briefly, the foraging 

arena theory proposes that predators and prey are not randomly mixed, but predator-prey 

interactions are controlled by prey behaviour that limits predation (Ahrens et al., 2012). For 

example, certain prey may be less vulnerable than others because they are capable of hiding 

or schooling. Predation rates will thus be limited by the exchange of prey between 

‘vulnerable’ and ‘invulnerable’ states. The consumption rates in the above equation,  Qji, are 

calculated based on the foraging arena theory and the division of prey between these 

vulnerable and invulnerable components (Christensen et al., 2008). The transfer rate 

between the two components determines if the ecosystem is driven by top-down, bottom-

up or intermediate mechanisms. Top-down control occurs where predators have unlimited 

access to prey items (the majority of prey are highly vulnerable) and prey abundance is 

controlled by predator abundance and activity (i.e. Lotka–Volterra) (Christensen et al., 

2008).  Bottom-up control, or ‘control by prey’, occurs when a large proportion of the prey 

are ‘invulnerable’ to predators, and the amount of food a predator consumes depends on 

the movement of prey from ‘invulnerable’ to ‘vulnerable’ states, e.g. fish moving out of 
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hiding (Christensen et al., 2008), or in context with this study macroinvertebrates burrowing 

into wrack.  

 

Ecosim allows for the exploration of either ‘top-down’ or ‘bottom-up’ controls in a 

food web by altering the ‘vulnerabilities’ of the prey. The vulnerability parameter, v, (range 1 

- ∞) can be modified in Ecosim and is estimated as the maximum predation/baseline 

mortality. Baseline mortality is the mortality caused by the predator stipulated in the 

Ecopath model (Christensen et al., 2008). If v is set high (where v = 100 is considered ‘high’) 

then predation control will be top-down. If v is set low (e.g. 1) then predation rates are 

largely limited by how fast prey move into the vulnerable state (bottom-up) (Christensen et 

al., 2008). The default vulnerability in Ecosim is 2.0, which was used in this modelling study. 

It is likely that the vulnerability ranges from 1.0 – 3.0 for most wrack macroinvertebrates and 

sediment infauna because they are able to hide from their predators. In most cases this 

parameter is used to fit the model to time series data, and since there is no time series data 

for this ecosystem it was not possible to adjust the vulnerability parameters. However, if 

information was available on the top down and bottom up interactions the vulnerabilities 

could have been changed. 

 

6. 3. 3 Ecosim harvesting scenarios 

 

Ecosim was used to assess various ‘what if’ scenarios for the removal of  wrack from 

beaches. It is very difficult to develop potential harvesting scenarios without specific 

management strategies from the biofuel sector, conservation or government organizations. 

Such management strategies are not currently available because the ‘seaweed for biofuel’ 

industry is still in pilot stages of development. Without guidance from managers the possible 

scenarios are endless, and so a limited selection of scenarios have been selected to best 

demonstrate the possible range of impacts of wrack harvesting. Monte Carlo simulations 

were used to generate a range of predictions; from which mean and 95% CI bands could be 

calculated for each simulation. It is recommended that harvesting strategies are tested over 

a simulation period that is long enough for the ecosystem to reach a new stable state or 

equilibrium (Pitcher and Cochrane, 2002). This is typically 20 years or longer (Pitcher and 

Cochrane, 2002). In pilot modelling trials it was found that all groups (except gulls) had 
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reached new stable biomasses (or equilibrium) after 25 years of harvesting (or earlier), 

regardless of harvesting intensity. For comparative purposes the relative biomass of all 

groups were thus compared after 25 years of harvesting, at the different harvesting 

intensities. The time taken for all groups to recover to 90% of their original biomass was 

then assessed by stopping harvesting after 25 years. The ‘recovery biomass’ for the 

functional groups was set at 90% of their original biomass (relative biomass > 0.9), and not 

100% of their original biomass in order to take into account the large natural variability in 

the biomass data. The long-term impacts of wrack harvesting to shorebird populations was 

also of interest and so wrack harvesting simulations were conducted over a 100 year time 

and the response of gulls and waders was assessed.  

 

In summary the following Ecosim scenarios were explored: 

• The relative biomass of all groups at year 25 after harvesting wrack (new 

ecosystem equilibrium reached) at intensities of 10%, 20%, 30%, 40%, 50%, 

60%, 70%, 80%, 90% and 100% wrack removal.  

• Time taken for all groups to recover to 90% of their original biomass if wrack 

harvesting stops after 25 years.  

• The relative biomass of shorebirds (waders and gulls) over a 100 year period 

at wrack harvesting intensities of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 

90% and 100% wrack removal. 

 

The ‘harvesting intensity’ was expressed as the ‘percentage wrack removed’, e.g. 

40% wrack removal. This was relative to the average biomass of the wrack in the model 

before harvesting commenced. For example, the biomass of wrack in the base Ecopath 

model was 24.8 kg.m
-2

, so a harvesting scenario of ‘50% wrack removal’ was achieved by 

reducing the biomass of wrack in the model to 12.4 kg.m
-2

.  

 

6. 3. 4 Data sources and parameterization of Ecopath base model 

 

Before Ecosim scenarios were explored the static mass-balanced model was 

developed in Ecopath. The functional groups within the model, together with the data 

sources for the parameterization of the Ecopath model are shown in Table 6. 1.  
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Table 6. 1: Model compartments and references used to parameterize ecosystem model for 

beaches which accumulate wrack 

 Functional 

Groups 

Compartments/scientific 

names 

B 

(g.m
-2

) 

P/B 

(year
-1

) 

P/Q Diet 

1 Gulls Larus argentatus, Larus canus, 

Larus marinus 

26 3 7 19, 23 

2 Waders Haematopus ostralegus, 

Calidris alpina, Charadrius 

hiaticula, Calidris alba, 

Arenaria interpres, Calidris 

maritime, Tringa tetanus, 

Limosa lapponica, Numenius 

arquata 

26 3 7 10, 11, 16, 

17, 18, 19, 

21, 22, 23, 

25 

3 Carnivorous 

beetles 

Atheta spp., Omalium spp., 

Cafius spp. 

28,29 5 7 12, 2 

4 Omnivorous 

beetles 

Cercyon littoralis  28,29 5 7 12, 4, 14 

5 Talitrid 

amphipods 

Orchestia gammarellus 28,29 9 7 20, 1 

6 Diptera larvae Thoracochaeta zostera, 

Coelopa spp., Orygma 

luctuosum 

28,29 5 7 8, 12 

7 Detritivorous 

polychaetes 

Malacoceros fuliginosus, 

Capitella capitata 

27 5, 6 7 13 

8 Oligochaetes Enchytraeid 27, 

28,29 

5 7 15 

9 Micro-

phytobenthos 

 24 24   

10 Wrack (beach-

cast) 

 30 -   

11 Other Detritus  24 -   

Biomass (B), production/biomass (P/B), consumption/biomass (Q/B). 

(1) Adin and Riera (2003), (2) Backlund (1945), (3) Balmer and Peach (1997), (4) Beeler (2009), 

(5) Brey (2001), (6) Chesney(1985), (7) Christian and Luczkovich (1999), (8) Cullen (1987), (9) 

Dias and Sprung (2003), (10) Dierschke (1993), (11) Dierschke (1998), (12) Egglishaw (1958), 

(13) Fauchald and Jumars (1979), (14) Fernández (2008), (15) Giere and Pfannkuche (1982), 

(16) Goss-Custard and Jones (1976), (17) Goss-Custard et al. (1977), (18) Heppleston (1971), 

(19) Ingolfsson (1976), (20) Lastra et al. (2008), (21) Meire et al. (1994), (22) Perez-Hurtado et 

al. (1997), (23) Robinson (2005), (24) Steele and Baird (1968), (25) Vanermen et al . (2009), 

Sampling Based: (26) Appendix 2. 1, (27) Appendix 2. 2, (28) Appendix 2. 4, (29) Appendix 2. 6, 

(30) Chapter 2, section 2. 4. 1. 

 

Primary food sources include beach-cast wrack, microphytobenthos and ‘other 

detritus’. The majority of consumers in this model were detritivores or herbivores, feeding 

mainly on detritus and wrack within the modelled area.  These include talitrid amphipods, 

Diptera larvae, detritivorous polychaetes in the sediment and enchytraeid oligochaetes, as 

well as omnivorous beetles. The top predators included carnivorous beetles (Staphylinidae) 
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and shorebirds (gulls and waders).  Microphytobenthos was added to the model because it 

was considered to be a possible food source (in addition to ‘other detritus’ and beach-cast 

wrack) for detritivorous polychaetes, and was highlighted as a gap in the models developed 

in Chapter 5. Species with similar habitat preferences, life history traits and diet were 

aggregated into functional groups. If species were distinct in terms of ‘functional niches’ 

then they were not grouped (Christensen et al., 2008). 

 

6. 3.4.1.  Biomass Data, production/biomass (P/B) and consumption  

 

The majority of biomass data for this model (except microphytobenthos and ‘other 

detritus’) was obtained from a one year field study (Chapter 2) designed to estimate the 

food resources, prey and predators on three sandy beaches which accumulate wrack. The 

biomass data available in Chapter 2 includes benthic infauna at mean low water 

(polychaetes and oligochaetes), fauna in ‘old’ and ‘newly’ deposited wrack banks (beetles, 

Diptera larvae, talitrid amphipods and oligochaetes), shorebirds (gulls and waders) and 

macroalgal wrack. The location of the relevant biomass data within the thesis is given in 

Table 6. 1. Literature values were used to estimate the biomass of microphytobenthos and 

‘other detritus’, where ‘other detritus’ constitutes all detritus in the sediment (e.g. faeces 

and dead fauna) excluding beach-cast wrack.  

 

The model was created to represent an ‘average’ food web, over a one year period, 

on beaches with accumulate wrack. Therefore, the biomass data that were collected for 

each functional group in Chapter 2 (at intervals of 6 to 12 weeks) were averaged over time 

to obtain a single annual-average value for each functional group on each beach. The 

biomass values for the various functional groups were then averaged across the three 

beaches to obtain ‘population’ averages for each functional group on an ‘average’ beach. It 

was these beach-averaged (and time-averaged) values that were used to parameterize the 

model for a ‘typical’ beach which accumulates wrack in the study area.  

 

For the construction of an Ecopath model the biomass data needs to be entered for 

the whole model area (g.m
-2

), rather than just the specific habitats of the beach from which 

samples were collected. For example, the average biomass of Diptera larvae needs to be 
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estimated across the whole beach, and not just the wrack banks in which they are found. 

The biomass of fauna in their respective habitats (e.g. wrack) thus needs to be multiplied by 

their habitat area (to obtain total biomass on the beach) and then divided by the total area 

of the model. The biomass of wrack macroinvertebrates on in the ‘old’ and ‘newly’ deposited 

wrack was averaged out for the whole beach, as explained in Chapter 5, section 5. 3.3.1.  

(page 139). Shorebird biomasses per m
2
 model area were calculated as per section 5. 3.3.1. 

in Chapter 5.  For benthic infauna the average biomass (g.m
-2

)
 
at mean low water (MLW) was 

multiplied by the habitat area occupied by the infauna at MLW, and then divided by the total 

area of the model. The habitat area occupied by benthic infauna at MLW was estimated 

according to methods shown in Appendix 2. 29 (page 301), with estimates for benthic 

infauna habitat area on each beach shown in Appendix 2. 30. These are very crude estimates 

of the total biomass of fauna on the beach, but are the best available at present.  

 

The biomasses for microphytobenthos and ‘other detritus’ were taken from 

literature values of a beach on the west coast of Scotland (Steele and Baird, 1968), and are 

the best estimates available for this model. Steele and Baird (1968) report an average 

benthic diatom (microphytobenthos) biomass of 20 g.C.m
-2 

down to a sediment depth of 

20 cm. Using the conversions of Cushing et al. (1958) for converting the carbon value of 

microalgae to wet weight (42 g wet weight to 1 g carbon) this is equivalent to 840 g.m
-2

 wet 

weight microphytobenthos.  Steele and Baird (1968) report that the living component of 

sediment organic matter is 40% of the total organic matter in the sediment. Assuming that 

the non-living component of the organic matter in the sediment is detritus, this would 

equate to an ‘other detritus’ biomass of 1 260 g.m
-2

. In the Ecopath model it was specified 

that the detritus generated by all the fauna, together with unconsumed wrack, flowed to 

‘other detritus’, and all ‘other detritus’ that was not used in the system was exported.  

 

For all living functional groups P/B ratios were obtained from empirical estimations 

and literature values as described in section 5. 3.3.2. (page 143), and Q/B ratios were 

estimated by Ecopath according to section 5. 3.3.2. (page 143).  

 

6. 3.4.2.  Detritus fate 
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All detritus (including wrack) not consumed by fauna within the model was 

‘exported’ from the system. This is typically the convention in Ecopath models (Christensen 

et al., 2008). Therefore the un-consumed biomass of wrack in the model did not accumulate 

over time, and was not available to fauna as a food source in the event of wrack harvesting. 

However, it is important to note that the export rates of wrack will have a very large effect 

on the predicted impacts of wrack harvesting; the more wrack that is naturally retained in 

the system (not exported), the less the impact to fauna if wrack is harvested. The default 

assumption that all un-consumed wrack is exported is a worst-case scenario, and will 

produce the most negative predictions about declines in faunal biomass. Unfortunately it 

was not possible to estimate the actual export or retention rates of wrack within the system 

because no data were available for doing so.  

 

6. 3.4.3.  Diet composition and migratory species 

 

Methods for obtaining diet composition data are described in section 5. 3.3.3. (page 

144). Most taxa in the model were assumed to have the same diet throughout their lifecycle. 

However, omnivorous beetles of the genus Cercyon typically inhabit wrack banks and feed 

on soft bodied animals such as oligochaetes and small Diptera larvae during early life stages 

(Egglishaw, 1958), then switch diet to herbivory and feed on wrack as adults (Egglishaw, 

1958). In Ecopath it is possible to create a subset of biomass groups representing the 

different life-history stages or stanzas for a functional group, and different diets and 

mortality rates are specified for each stanza (Christensen et al., 2008). However, the biomass 

of Cercyon spp. was not divided into multi-stanza groups (e.g. larval and adult stages) 

because insufficient data were available on the life history traits of these taxa to do so. Their 

diet proportions were thus divided between carnivorous and herbivorous food resources 

according to the relative amount of time spent feeding in the larval and adult life stages, 

based on life-history data published for beetles from the same family (Fernández, 2008).  

 

The diets for all other invertebrate groups (mainly detritivores) were relatively easy 

to assign based on diet descriptions from the literate and the fact that these groups were 

largely restricted to feeding within the modelled area. However, shorebird diets posed 

several problems, principally because many of the waders were migratory and undergo 
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regular and repeated movement into and out of the model area. Migrating species are thus 

only exposed to the risks and changes within the modelled area for a certain length of time, 

and changes to their prey resources do not act as a permanent ‘drain’ to that species 

(Christensen et al., 2008). As such, the diet composition of migratory species needed special 

consideration. There are two ways of dealing with migrating species in Ecopath as described 

below:  

 

1) The one approach is to expand the model boundaries to incorporate the entire 

habitat range for the migrating species and include all functional groups that are 

consumed outside the system. However this is often impractical because 

migrating species may feed in a wide range of habitats, over a broad geographical 

scale, for which data is not always available. For example, Turnstone (Arenaria 

interpres) move between arctic tundra in summer, feeding mostly on insects, to 

the beaches and rocky shores of Europe in winter feeding on a variety of coastal 

invertebrate prey (Robinson, 2005). If it is not possible to use the ‘model 

expansion’ approach then one must assume that food consumption rates 

obtained outside the modelled area (by migrating species) remain constant in the 

future (Christensen et al., 2008).  

 

2) The second option is the ‘diet import’ approach whereby a fraction of the diet is 

specified as being obtained from outside the model area. The ‘diet import’ 

proportion is set to the proportion of time spent outside the system, or the 

proportion of prey consumed outside the system. The remaining diet proportions 

are set to the diet proportions while the species is in the system, times the 

proportion of time spent in the system.  

 

The latter ‘diet import’ approach was taken to deal with the diets of shorebirds in 

this study. The impacts of reduced prey items on migrating species in the model area was 

thus automatically accounted for in Ecopath with Ecosim, by taking into account the time 

spent and prey consumed outside the model areas. 
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6. 3. 5 Model balancing  

 

The Ecopath model was balanced according to methods in Chapter 5, section 5. 3. 4. 

For a model to balance it is necessary for the ecotrophic efficiency (EE) to be between 0.0 

and 1.0, where EE is a measure of the proportion of production consumed in the system 

(Christensen and Walters, 2004). In the current Ecopath model none of the groups had an 

EE>1 and so no adjustments were required to the original input parameters. To check that 

the model complied with physiological constraints of organisms it was ensured that 

respiration/assimilation <1.0 (respiration cannot exceed assimilation), 

production/respiration < 1.0, and 0.1 < (P/Q) < 0.3 for all groups (Christensen et al., 2008, 

Darwall et al., 2010). 

 

6. 3. 6  Model uncertainty  

 

When generating Ecosim scenarios it is important to illustrate the degree of 

uncertainty in the predictions, and present the range of possible outcomes. Ecopath models 

(which are used to run Ecosim) are constructed based on a single set of input parameters, 

usually representing the mean for the model period (e.g. mean biomass for a species/group 

over a year). However, all input parameters will have a degree of uncertainly and it is 

possible to assign confidence intervals to the input parameters through the ‘pedigree 

routine’ in Ecopath (Christensen et al., 2008). In Ecopath the uncertainty around the data is 

linked to its origin. The pedigree of an Ecopath input is defined as “a coded statement 

categorizing the origin of a given input (i.e., the type of data on which it is based), and the 

likely uncertainty associated with the input” (Christensen et al., 2008). Ecopath models are 

parameterized with data from a wide range of sources, including locally collected data (high 

precision), literature values of similar ecosystems, data based on empirical relationships, or 

even guestimates. The key principle behind specifying the pedigree of the data is that input 

estimates for local data (e.g. biomass data obtained from field-based sampling) are better 

than input parameters derived from indirect methods (e.g. empirical relationships, other 

models or guesstimates). Local data will thus have narrower probability distributions (or 

confidence intervals) than data derived from elsewhere.  
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It is time intensive to describe the probability distributions for all input parameters in 

models, and so EwE developers have established a ‘pedigree’ method whereby users assign 

a probability distribution to input parameters based on pre-defined confidence intervals 

relating to the origin of the data (Christensen et al., 2008, Pauly et al., 2000).  Each input 

data is also assigned a pedigree index which is scaled from 0 (for non-local data) to 1 (local 

data). The pre-defined EwE confidence intervals and pedigree indices for biomass data, and 

P/B and Q/B ratios according to their origin are given in Appendix 2. 31 (page 304). An 

overall ‘pedigree index’ is then calculated for the Ecopath model as the average of the 

pedigree indices for each parameter and living functional groups (Christensen and Walters, 

2004). The specific confidence interval and pedigree indices assigned to each group in the 

model are shown in Table 6. 2. However, the one downfall of assigning pedigree indices 

using the Ecopath pedigree routine is that it is highly subjective, and depends on the 

scientist’s personal judgement of the quality of the data. 

 

Table 6. 2: Confidence intervals (± 95%) and pedigree indexes assigned to input parameters 

according to the pre-defined categories specified in the Ecopath ‘pedigree’ routine 

 Biomass P/B P/Q 

 CI (± %) Index CI (± %) Index CI (± %) Index 

Gulls 30 0.7 20 0.8 80 0.0 

Waders 30 0.7 20 0.8 80 0.0 

Carnivorous beetles 50 0.4 50 0.5 80 0.0 

Omnivorous beetles 50 0.4 50 0.5 80 0.0 

Talitrid amphipods 50 0.4 30 0.7 80 0.0 

Diptera larvae 50 0.4 50 0.5 80 0.0 

Detritivorous polychaetes 50 0.4 40 0.6 80 0.0 

Oligochaetes 50 0.4 50 0.5 80 0.0 

Phytobenthos 80 0.0     

 

In Ecosim, the uncertainty of input parameters can be included in model predictions 

by using the Monte Carlo approach. Monte Carlo runs were performed for each wrack 

harvesting scenario, whereby a set of random input values is drawn from the pre-defined 

probability distributions for the input parameters (Table 6. 2), and a range of possible 

outcomes is generated in Ecosim. Twenty Monte Carlo runs were performed for each Ecosim 
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wrack harvesting scenario, producing 20 sets of predictions of the changes in the biomass of 

fauna over the simulation period. These 20 Monte Carlo predictions were then used to 

calculate the mean and 95% confidence intervals for the changes in species biomass over 

time as a result of wrack harvesting.  

 

6. 3. 7 Ecosystem summary statistics and biomass flows 

 

The balanced Ecopath model was subject to network analysis according to the 

methods described in Chapter 5, section 5. 3. 5 (page 145). Absolute flows of biomasses, 

including the sums of all (1) consumption, (2) exports, (3) respiratory flows and (4) flows into 

detritus were estimated for the model area. Total system throughput (TST), which provides a 

measure of the total activity transpiring within an ecosystem, was calculated by summing 

attributes 1-4 (Eq. 5. 6, page 146). Other summary statistics estimated by the model include 

the sum of all production, net primary production, total primary production/total respiration 

(Pp/R), total primary production/total biomass (Pp/B), total biomass /total throughput and 

total biomass (excluding detritus) and net system production (Pp – R). A description for 

which is given in section 5.3.5 (page 145).     

 

6. 4 Results 

 

6.4.1         Balanced model 

 

The final input parameters for the balanced Ecopath model are shown in Table 6. 3, 

as are the estimated values for the trophic level (TL) of each group, consumption/biomass 

(Q/B), production/consumption (P/Q), ecotrophic efficiency (EE), respiration/assimilation 

(R/A), production/respiration (P/R) and respiration/biomass (R/B). The model complied with 

the physiological constraints of organisms because estimated respiration/assimilation (R/A) 

and production/respiration (P/R) values were less than 1.0 (Table 6. 3).  

 

Table 6. 3: Parameter values entered (bold) and estimated (standard) by Ecopath software 

for a model beach with accumulations of wrack 

Model Compartments 

TL Biomass 

(g.m
-2

) 

P/B 

(year
-1

) 

Q/B 

(year
-1

) 

EE P/Q R/A P/R R/B 

(year
-1

) 
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1 Gulls 3.05 1.500 0.11 1.833 0.00 0.06 0.92 0.09 1.26 

2 Waders 3.00 0.440 0.24 3.917 0.014 0.06 0.92 0.09 2.70 

3 Carnivorous beetles 3.00 0.420 4.23 16.92 0.010 0.25 0.69 0.45 9.31 

4 Omnivorous beetles 2.15 0.110 5.34 26.70 0.050 0.20 0.60 0.67 8.01 

5 Talitrid amphipods 2.00 0.630 3.90 19.50 0.030 0.20 0.60 0.67 5.85 

6 Diptera larvae 2.00 35.33 4.02 26.80 0.038 0.15 0.70 0.43 9.38 

7 Detritivorous polychaetes 2.00 40.67 7.10 47.33 0.002 0.15 0.70 0.43 16.57 

8 Oligochaetes 2.00 30.26 11.77 78.47 0.010 0.15 0.70 0.43 27.46 

9 Phytobenthos 1.00 840.0 0.20  0.714     

10 Wrack 1.00 24839   0.186     

11 Other Detritus 1.00 1260   0.152     

Note: Trophic level (TL), production/biomass (P/B), consumption/biomass (Q/B), ecotrophic 

efficiency (EE), production/consumption (P/Q), respiration/assimilation (R/A), 

production/respiration (P/R), respiration/biomass (R/B).  

 

The model had an overall pedigree index of 0.235. This value is low despite the fact 

that much of the biomass data was obtained from local sampling. Due to the absence of 

published information on the consumption rates of the taxa found on these beaches, the 

Q/B ratios were all estimated by the model, and this was the main factor that lowered the 

model ‘pedigree’ (See Appendix 2. 31). Furthermore, the majority of the P/B ratios were 

calculated using empirical equations (e.g. Brey, 2001) rather than direct experiments, and 

this also reduces the pedigree of the model.  However, this is a very subjective index as it 

depends on how the quality of the data is judged.   

 

The diet matrix is shown in Table 6. 4. From the literature on bird diets (Table 6. 1), 

and data in on shorebird utilization of the beaches over the year (Chapter  2), the proportion 

of ‘diet import’ for waders and gulls was estimated to be 0.17 and 0.85 respectively. This 

was to account for food consumed outside the model in adjacent habitats (e.g. the rocky 

shore), and also as a result of seasonal migrations away from Uist beaches. Despite their 

migratory life-history, the ‘diet import’ for waders was estimated to be lower than gulls, 

principally because waders are largely restricted to coasts, and most of their preferred prey 

can be obtained from the beach. Several abundant wader species (e.g. Oystercatchers) were 

also present on the beaches for the whole year, and some of the overwintering species (e.g. 

Turnstone) where present for up to eight months. Gulls on the other hand exhibit a far 

greater range of feeding habitats than waders, from refuse sites and agricultural land to 

nearshore environments (Ingolfsson, 1976, Robinson, 2005), and hence the ‘diet import’ was 

estimated as 0.85. 
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Table 6. 4: Diet matrix fauna on wrack-subsidized beaches (mean low water to terrestrial 

vegetation line) 

Prey \ predator 1 2 3 4 5 6 7 8 

1 Gulls - - - - - - - - 

2 Waders 0.0005 - - - - - - - 

3 Carnivorous beetles 0.0060 0.0010 - - - - - - 

4 Omnivorous beetles 0.0010 0.0002 - - - - - - 

5 Talitrid amphipods - 0.0012 0.0100 - - - - - 

6 Diptera larvae 0.1000 0.3714 0.5900 0.0600 - - - - 

7 Detritivorous polychaetes 0.0370 0.3170 - - - - - - 

8 Oligochaetes - 0.1365 0.4000 0.0900 - - - - 

9 Phytobenthos - - - - - - 0.0500 - 

10 Wrack - - - 0.8500 1.0000 1.0000 0.8000 0.9000 

11 Other Detritus - - - - - - 0.1500 0.1000 

12 Import 0.8560 0.1727 - - - - - - 

13 Sum 1.0005 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

 

The ecotrophic efficiencies for all consumers in the model were very low (<0.1) (Table 

6.3), indicating that little of their production was being utilized within the system. This 

reflects low levels of predation relative to the biomass of prey available. Initially there was 

no ecotrophic efficiency (EE) estimated for wrack, which was designated as a detritus group. 

The ecotrophic efficiency of a detritus group is defined as the ratio between what flows out 

of that group and what flows into it, and under steady state systems this will be equal to 1 

(Christensen et al., 2008). If there is no biomass flowing into the ‘wrack’ group, then Ecopath 

will not be able to calculate an EE for that group. Wrack had no biomass flowing into it 

because all the detritus generated from the other groups was flowing into ‘other detritus’.  It 

is possible to calculate and EE for wrack by setting a value for ‘detritus import’ for this group 

(in g.m
-2

.year
-1

). If it is assumed that the biomass imported over a year is equal to the 

average biomass on the beach (24.8 kg.m
-2

.year
-1

), then the EE estimated for wrack was 

0.152. However, it is a very crude estimate.  

 

6. 4. 1 Food web structure and functional groups 

 

The balanced food web diagram is shown in Figure 6. 1, together with the biomass, 

production and consumption values for each functional group. The beaches were 

characterized by 11 functional groups, with the faunal biomass being dominated by 
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detritivores. The total quantity of wrack consumed by detritivores over a one year period 

was estimated to be 4.61 kg.m
-2

.year
-1

, which is 18.6% of the average biomass of wrack on 

the beach (24.8 kg.m
-2

.year
-1

). In terms of faunal biomass, detritivorous polychaetes (benthic 

infauna in the sediment) were the most dominant, followed by Diptera larvae and 

enchytraeid oligochaetes. Diptera larvae were mostly found in the wrack banks, where they 

consumed the decaying wrack (and associated microbes). Oligochaetes were found both in 

the sediment and wrack banks where they consumed any decaying organic matter (wrack 

and ‘other detritus’). In terms of consumption rates, enchytraeid oligochaetes played the 

dominant role in the processing of macroalgal wrack, consuming 2.37 kg.m
-2

 wrack per year, 

which was equivalent to 45% of the total wrack consumed by all fauna on the beach (Figure 

6. 1, Table 6. 5). Detritivorous polychaetes and Diptera larvae were the second and third 

most important consumers of wrack, each processing 1.54 kg.m
-2

.year
-1 

and 0.956 kg.m
-

2
.year

-1
 respectively. 
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Figure 6. 1: Flow diagram generated in Ecopath showing trophic links between functional 

groups on beaches which accumulate wrack. The food web is for the intertidal area 

between mean low water and the base of the dunes, averaged over a one year period. 

Nodes for functional groups are proportional to biomass of groups.  B: Biomass (g.m
-2

), P: 

Production (g.m
-2

.year
-1

), Q: consumption (g.m
-2

.year
-1

). Where 10
3 

g.m
-2

 is equivalent to 

kg.m
-2

.  
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Table 6. 5: Consumption rates (g.m
-2

.year
-1

) for all groups within the model 

Prey \ predator 1 2 3 4 5 6 7 8 

1 Gulls - - - - - - - - 

2 Waders 0.002
 

- - - - - - - 

3 Carn. Beetles 0.016 0.002
 

- - - - - - 

4 Omn. Beetles 0.003 0.0004
 

- - - - - - 

5 Talitrid amphipods - 0.002
 

0.728
 

- - - - - 

6 Diptera larvae 0.275 0.626 4.293 0.176 - - - - 

7 Det. Polychaetes 0.102 0.534 - - - - - - 

8 Oligochaetes - 0.230 2.910 0.264 - - - - 

9 Phytobenthos - - - - - - 96.25 23.74 

10 Wrack - - - 2.496 12.28 946.8 1540
 

2113
 

11 Other Detritus - - - - - - 288.8
 

237.4
 

12 Import 2.351 0.291 - - - - - - 

 Sum  2.749 1.684 7.276 2.937 12.28 946.8 1925.1
 

2374.4 

 

Predators on the beach included carnivorous beetles (Staphylinidae) and shorebirds 

(gulls and waders).  However, carnivorous beetles rather than shorebirds were the dominant 

predators (see consumption rates in Table 6. 5), and this can be attributed to the large 

proportion of prey that birds were estimated to consume outside the model area (85% for 

gulls and 17% for waders). Carnivorous beetles occur mainly in the wrack banks and feed on 

Diptera larvae as well as enchytraeid oligochaetes (Egglishaw, 1958, Backlund, 1945, Giere 

and Pfannkuche, 1982). Nine species of waders were recorded on the three beaches, which 

were used as feeding grounds for overwintering, migrating and breeding birds on the Uists. 

The key prey items for waders and gulls in the model were predicted to be Diptera larvae, 

followed by polychaetes and oligochaetes (Table 6. 5).  

 

6. 4. 2 Biomass flows 

 

The flows of biomass and ecosystem attributes for the intertidal zone of wrack-

subsidized beaches are shown in Table 6. 6. The sum of all exports from the beach 

ecosystem was estimated to be 23 161 g.m
-2

.year
-1

, 87%, of which was wrack and the 

remainder was ‘other detritus’. A highly negative net system production was estimated (-

1 679 g.m
-2

.year
-1

), as was a low total PP/total respiration (0.0911 g.m
-2

.year
-1

), which are 

both characteristic of ecosystems with high organic loading that are dominated by 

detritivory rather than herbivory.  
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Table 6. 6: Summary of flows of biomass and ecosystem attributes 

Summary statistics Value 

Sum of all consumption (g.m
-2

.year
-1

) 5 273
 

Sum of all exports (g.m
-2

.year
-1

) 23 161
 

Sum of all respiratory flows (g.m
-2

.year
-1

) 1 874
 

Sum of all flows into detritus (g.m
-2

.year
-1

) 28 302
 

Total system throughput (g.m
-2

.year
-1

) 58 585
 

Sum of all production (g.m
-2

.year
-1

) 960 

Total net primary production (g.m
-2

.year
-1

) 168 

Total PP/total respiration (g.m
-2

.year
-1

) 0.091 

Net system production (g.m
-2

.year
-1

) -1 679
 

Total primary production/total biomass  0.177 

Total biomass/total throughput 0.0161 

Total biomass (excl. detritus) (g.m
-2

) 949 

Ecopath pedigree index 0.235 

Measure of fit 0.641 

Note: g.m
-2

.year
-1

 is equivalent to t.km
-2

.year
-1

, and x10
3
g.m

-2
.year

-1
 is 

equivalent to kg.m
-2

.year
-1

 

 

6. 4. 3 Ecosim harvesting scenarios 

 

An example of the output from an Ecosim time-dynamic scenario is shown in Figure 

6. 2, where the biomass of wrack was reduced to 50% of its original biomass for 25 years, 

after which harvesting ceased. There was an immediate, rapid decline in macroinvertebrates 

when harvesting commenced, followed by a new ‘baseline’ or ‘equilibrium’ biomasses within 

2 years of wrack removal. Shorebirds (waders and gulls) showed a more constant and steady 

decline over the 25 years of wrack harvesting. When harvesting ceased after 25 years (wrack 

biomass returned to 100%) there was an immediate recovery within 1 to 2 years of primary 

consumers to their pre-harvest biomasses. The predators (carnivorous beetles, waders and 

gulls) did not show an immediate ‘bounce back’ to pre-harvest populations. Carnivorous 

beetles took substantially longer to recover than detritivorous macroinvertebrates (~ 10 

years); although once the population started recovering it was rapid.  Shorebirds showed a 
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steady and slow increase in biomass after harvesting ceased, with waders recovering faster 

than gulls. The biomass of gulls did not return to pre-harvest biomass within the 100 year 

simulation period, but started to level-out at approximately 90% of their original biomass. 

The data generated from Ecosim scenarios such as this one in Figure 6. 2 was extracted and 

subjected to further analyses to assess how the different harvesting intensities may affect 

fauna biomass and recovery times.  It is imperative to note that these predictions are for a 

model in which all of the un-consumed and un-harvested wrack (detritus) is assumed to be 

exported from the system. If, for example, 50% of the wrack was not exported but 

accumulated over successive years on the beach, then the trophic impacts of wrack 

harvesting would be less ‘dramatic’ because more wrack would be available for fauna. This 

applies for all predictions made below (sections 6. 4.3.1.  and 6. 4.3.3. ). 

 

 

Figure 6. 2: Time dynamic simulation generated in Ecosim in which 50% of the wrack 

biomass was harvested for 25 years, after which harvesting ceased. The relative biomass 

of fauna is the biomass at time x divided by their original biomass (before harvesting 

wrack).  
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6. 4.3.1.  Impacts of harvesting at varying intensities for 25 years 

 

The relative biomasses predicted for all the primary consumers after 25 years of 

harvesting wrack, at various intensities, are shown in Figure 6. 3 below (Omnivorous beetles 

were also included in this plot for convenience).  

 

Figure 6. 3: Mean relative biomass (± 95% CI) of lower consumers in the intertidal zone 

versus the harvesting intensity after 25 years of harvesting wrack.  Confidence intervals 

were obtained from Monte Carlo simulations (n = 20). The relative biomass of fauna is the 

biomass at time x divided by their original biomass (before harvesting wrack). 

 

All primary consumers and omnivorous beetles showed an almost linear decline with 

an increase in harvesting intensity, and were affected to a similar degree by wrack 

harvesting (Figure 6. 3). This reflects simple prey dynamics for primary consumers, since 

wrack was either their only food source, or comprised the majority of their diet (Table 6. 5). 



Chapter 6: Predicting harvest impacts 

 

196 

 

The biomass of polychaetes stopped declining significantly when more than 80% of the 

wrack was harvested.  Probably because at low polychaete biomasses their consumptive 

demands could be maintained by microphytobenthos as well as the limited wrack and 

detritus available.  

 

The relative biomasses for predators (waders, gulls and carnivorous beetles) after 25 

years of harvesting are shown in Figure 6. 4 below. There was a consistent decline in wader 

biomass with increased harvest intensity. Removing more than 50% of the wrack biomass 

resulted in wader populations being virtually absent from beaches after 25 years of 

harvesting (relative biomass < 0.05). Gulls also exhibited a significant decline in biomass with 

increased harvesting intensity, up until 50% wrack biomass was removed, after which the 

harvesting intensity did not significantly affect gull biomass. Carnivorous beetles, which were 

the main predators on the beach and feed exclusively within wrack, were the most sensitive 

to declines in their prey resources. Carnivorous beetles declined rapidly and were virtually 

absent from beaches when more than 50% wrack was harvested for 25 years. Waders 

followed by gulls were comparatively less ‘sensitive’ (as indicated by less steep decline in 

relative biomass), possibly because a percentage of their diet is obtained from outside this 

model beach ecosystem.  

 

 

 

Figure 6. 4: Mean relative biomass (± 95% CI) of predators versus the harvesting intensity 

after 25 years of harvesting wrack.  Confidence intervals were obtained from Monte Carlo 

simulations (n = 20). The relative biomass of fauna is the biomass at time x divided by their 

original biomass (before harvesting wrack). 
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6. 4.3.2.  Recovery time after harvesting  

 

The times taken for primary consumers and predators to recover after harvesting 

wrack at various intensities for 25 years and then stopping (pulse event) are shown in Figure 

6. 5 and Figure 6. 6 respectively. In general, primary consumers exhibited very little variation 

in recovery time with increasing harvesting intensity, except for the highest harvesting 

intensities (> 70% wrack harvested), Figure 6. 5. If less than 70% wrack biomass was 

removed, then recovery times were less than 2 years for Diptera, oligochaetes, polychaetes 

and talitrid amphipods.  If more than 70% wrack was harvested, then recovery time 

increased notably, as did the prediction intervals (Figure 6. 5).  

 

Figure 6. 5: Mean  (± 95% CI) time taken for primary consumers to recover to > 90% of their 

original (pre-harvest) biomass after harvesting wrack for 25 years at various intensities 

(from 0 to 100% wrack removal). Confidence intervals were obtained from Monte Carlo 

simulations (n = 20). The relative biomass of fauna is the biomass at time x divided by their 

original biomass (before harvesting wrack). 
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Omnivorous beetles (Cercyon spp., Figure 6. 5) took longer to recover than other 

macroinvertebrates which purely consumed detritus, wrack and phytobenthos. Although 

85% of the diet of omnivorous beetles was apportioned to wrack, the beetle larvae consume 

Diptera larvae and oligochaetes (hence the omnivorous classification). This small percentage 

of animal prey in the diet of the omnivorous beetles was enough to noticeably delay their 

recovery time, presumably because beetle populations can only respond when they have 

sufficient invertebrate prey resources available to support their own recovery.  

 

Top predators took notably longer to recover from wrack harvesting than primary 

consumers (Figure 6. 6). Waders showed three notable ‘bands’ of recovery times which 

could be discerned from 95% confidence intervals not overlapping: (i) Harvesting less than 

20% wrack predicted waders to recover within 5 years once harvesting had ceased; (ii) 

Harvesting 30-50% wrack required a 13-18 year recovery time for waders, and; (iii) 

harvesting more than 70% wrack required a 45-60 years recovery time for waders. The 

average recovery time for gulls was predicted to be less than 10 years provided harvesting 

intensities were below 60% wrack biomass. After this there was a general increase in 

recovery time for gulls with increased wrack harvest, to a maximum of 45 years (± 11 years 

95% CI) when 90% wrack biomass had been harvested. If less than 40% wrack biomass was 

removed, then carnivorous beetles only took 4 years to recover to > 90% of their original 

biomass. However, when more than 50% wrack was harvested, then the mean recovery time 

for carnivorous beetles increased to 17-23 years.   
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Figure 6. 6: Mean (± 95% CI) time taken for predators to recover to > 90% of their original 

biomass after 25 years of harvesting wrack at various intensities (from 0 to 100% wrack 

removal). Confidence intervals were obtained from Monte Carlo simulations (n = 20). The 

relative biomass of fauna is the biomass at time x divided by their original biomass (before 

harvesting wrack). 

 

6. 4.3.3.  Response of shorebirds to different harvesting intensities over 

100 year simulation  

 

Shorebird populations took longer to stabilise than macroinvertebrates once 

harvesting commenced, therefore plots were generated to show changes in their 

populations over a 100 year harvesting period at various harvesting intensities. The response 

of waders and gulls to wrack harvesting are shown in Figure 6. 7 and Figure 6. 8 respectively. 

At all harvesting intensities wader biomasses rapidly declined for the first 15-25 years of 

harvesting, after which the biomasses stabilized. Increasing harvesting intensity led to a 

greater overall decline in wader biomass over the 100 year period.  The most notable decline 

predicted for waders occurred when more than 50% wrack was harvested, with only 20% of 

the wader population predicted to remain after 25 years of harvesting. The predicted 95% 

confidence intervals for wader biomass narrowed noticeably when more than 50% wrack 

was harvested, suggesting that at greater harvesting intensities there can be more 

confidence in the predicted negative impacts to waders.   

 

The biomass of gulls also declined over the 100 year harvesting, and the scale of the 

decline increased with increasing harvesting intensities (Figure 6. 8). However, the 95% 
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confidence intervals predicted for gulls were wider than for waders. This can be attributed 

the greater proportion of the gulls diet that was consumed outside the modelled area (85%), 

which would make predicted gull biomasses more variable as prey items declined. Gulls did 

not show the relatively rapid decline and ‘plateau’ pattern that waders exhibited after 25 

years of harvesting (Figure 6. 6). Instead, gull biomass exhibited a prolonged period of 

decline, with no sign of populations stabilizing, and their relative biomass always decreased 

to <0.1 when more than 50% of wrack was harvested for 100 years.  
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Figure 6. 7: Relative biomass (± 95% CI) of waders forecasted over a 100 year period with 

different quantities of macrophyte being harvested. Confidence intervals were obtained 

from Monte Carlo simulations (n = 20). The relative biomass of fauna is the biomass at 

time x divided by their original biomass (before harvesting wrack). 
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Figure 6. 8: Relative biomass (± 95% CI) of gulls forecasted over a 100 year period with 

different quantities of macroalgal wrack being harvested. Confidence intervals were 

obtained from Monte Carlo simulations (n = 20). The relative biomass of fauna is the 

biomass at time x divided by their original biomass (before harvesting wrack). 
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6. 5 Discussion  

 

This is the first study which uses ecological modelling to predict the multi-trophic 

impacts of harvesting wrack at varying intensities and durations. All model scenarios 

predicted that wrack harvesting leads to a direct and immediate decline of invertebrate 

biomass, and a more delayed and steady decline in shorebirds. The model also estimated the 

total flows of biomass, consumption rates, production and exports of organic matter from 

wrack-subsidized beaches, and findings suggest that they are some of the highest for marine 

ecosystems globally. In addition, the study quantifies the detritus exported from beaches 

annually, and discusses the importance of this as a subsidy to adjacent marine habitats. This 

study not only makes management recommendations for the impacts of harvesting of wrack 

to beach food webs, but addresses how wrack harvesting may impact the functioning of 

greater nearshore ecosystems.  

 

However, all ecological model predictions should be interpreted with caution 

because they are simplified representations of highly complex ecosystems. One of the major 

assumptions of this model was that all wrack, which was not consumed by fauna or 

harvested, was exported from the beach. This produced worst-case scenario predictions in 

Ecosim in which invertebrate fauna declined as soon as wrack harvesting commenced. In 

reality, some wrack will naturally be retained on the beach (rather than be exported), and 

this will buffer the impacts of wrack harvesting to fauna. No long-term data series exists for 

the dynamics between wrack and beach fauna, and hence the predictions from these models 

cannot be validated with real time-series data. The model also has several other 

methodological limitations which are discussed in detail in section 6. 5. 5. This said; the 

strength in this model lies in it being parameterized with data from local field studies. 

Despite its limitations, this predictive modelling approach provides a powerful tool for the 

management of wrack (and kelp forest) resources.  

 

6. 5. 1 Food web structure 

 

The fauna in this model were dominated by detritivorous invertebrate species such 

as polychaetes living in the sediment at mean low water, and enchytraeid oligochaetes and 
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Diptera larvae mostly found in the wrack banks. Diptera larvae and oligochaetes were 

responsible for processing large quantities of wrack, which is in line with findings elsewhere 

(Chown, 1996, Stentondozey and Griffiths, 1980, Giere and Pfannkuche, 1982). Certain 

benthic marine oligochaetes and polychaetes found on the lower shore are also known to 

consume microalgae and diatoms present in the sand, as well as particulate organic matter 

and algal fragments (Giere and Pfannkuche, 1982, Fauchald and Jumars, 1979). 

 

The predators in the model were carnivorous beetles (Staphylinidae), gulls and 

waders. Staphylinid beetles are known to be ferocious predators of Diptera larvae as well as 

enchytraeid oligochaetes (Egglishaw, 1958, Backlund, 1945, Giere and Pfannkuche, 1982). 

These carnivorous beetles had the highest consumption rate out of the three predator 

groups, and were the most sensitive to the immediate decline in their prey items as a result 

of wrack harvesting. Wrack macroinvertebrates (particularly Diptera larvae) and benthic 

infauna (polychaetes) are a nutritious, high energy food source to waders, especially during 

energy demanding migration periods, as discussed in Chapter 2 (Prys-Jones et al., 1992a, 

Dierschke, 1998).  

 

6. 5. 2 Flows of biomass and export of organic matter 

 

This model shows that the intertidal zone of wrack-subsidized beaches on the Uists 

are centres of high biological activity, with a total system throughput (TST) of 58 585 g.m
-

2
.year

-1
 and a total living biomass of 949 g.m

-2 
(where g.m

-2 
is equivalent to t.km

-2
). To put 

these in context, beaches in Uruguay (Lercari et al., 2010) which do not accumulate wrack, 

had TST values of 18 052 t.km
-2

 and 41 208 t.km
-2

 (for a dissipative and reflective beach 

respectively), and biomass values an order of magnitude lower (46 – 90 t.km
-2

) than 

reported for these Uists beaches. In addition, the total energy flows on beaches of the Uists 

which accumulate wrack are equivalent to that reported for coral reefs in a paper by 

Heymans et al. (paper in review) summarizing the energy flow in 105 marine food webs 

according to their ecosystem type, namely; coastal, shelf, slope, estuary, bay, lagoon or coral 

reefs (beaches were not explicitly included), for which coral reefs exhibited the highest 

energy flows (median TST ~ 50 000 t.km
-2

.year
-1

)..  
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It was estimated that 81% of the wrack biomass on the Uist beaches was not 

consumed within the ecosystem over the year, but was ‘exported’. This exported wrack may 

be in the form of particulate or dissolved organic matter, or large seaweed fragments, and 

be essential for meeting the consumptive demands of fauna in adjacent ecosystems, such as 

nearshore and rocky shore suspension and deposit feeders (Crawley et al., 2009, Kaehler et 

al., 2006, Bustamante and Branch, 1996), and terrestrial invertebrates (Polis and Hurd, 1996, 

Polis and Hurd, 1995). This ‘export’ may also be utilized by alternative food webs on the 

beach, such as the interstitial food web, or the microbial loop (Koop et al., 1982), or be 

important in the provision of shelter to fish and macroinvertebrates when floating in the 

water column, as discussed in Chapter 4 and other studies (Robertson and Lenanton, 1984, 

Vandendriessche et al., 2007). As such, the large quantity of wrack exported from the Uist 

beaches may be a major driver of secondary production in the other environments (Field et 

al., 1977, Krumhansl and Scheibling, 2011, Duggins et al., 1989, Polis and Hurd, 1996), as was 

discussed in Chapter 4 and Chapter 5. 

 

It is probable that the predicted biomass of wrack exported from the beaches of the 

Uists annually (20 200  g.m
-2

.year
-1

) is greater than the local primary production rates from 

phytoplankton, and this warrants future investigation given that they are both important 

food sources at the base of coastal food webs. Unfortunately there are no published values 

for phytoplankton primary production rates in the coastal waters of the Outer Hebrides 

(Paul Tett, Scottish Association for Marine Science, pers. comm.).  Very rough estimates are 

available from an Ecopath model developed for the west coast of Scotland in 2005 (Haggan 

and Pitcher, 2005), which was later revised (Bailey et al., 2011). The initial report gives a 

phytoplankton biomass of 80 t.km
-2

 (or g.m
-2

) and the later model uses a value of 31.87 t.km
-

2
 (or g.m

-2
),  with both reports giving a P/B ratio of 70 year

-1
. This equates to a phytoplankton 

production rate of 5 600 t.km
-2

.year
-1

 or 2 230 t.km
-2

.year
-1

 (or g.m
-2

.year
-1

), which is 3.6 – 

9.0 times lower than the quantity of macroalgal detritus exported from the beaches of the 

Uists. However, the predicted detritus (wrack) export from the Uist beaches is from a 

relatively small model area (0.04 km
2
) and will be diluted as it is transported by currents to a 

wider coastal area. In addition, some of the ‘export’ will not be available to adjacent 

ecosystems because it could be re-deposited on the beaches, or may be used by the 

microbial and interstitial fauna on the beach (Koop and Griffiths, 1982, Koop et al., 1982). 
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The high detritus export reported here is in line with other studies which show that 

large quantities of the primary food resources on beaches are not consumed but are 

typically exported to other food webs: (1) Lercari et al. (2010) reported that the majority of 

phytoplankton and detritus biomass on beaches in Uruguay were not consumed, and  45 – 

47% of all available energy was exported from the beaches; (2) Griffiths et al. (1983) 

estimated that 20% of the organic matter derived from beach-cast kelp on a Western Cape 

beach (South Africa) was exported to adjacent food webs (terrestrial, open ocean, 

interstitial), and; (3) McLachlan (1983) reported that 85% or detritus generated within the 

surf-zone (mainly by phytoplankton) on an Eastern Cape beach (South Africa) was exported 

to other systems. These examples, together with the results in this Chapter, highlight the 

role of sandy beach ecosystems as centres for processing organic matter, and exchanging 

biomass with adjacent nearshore and terrestrial ecosystems.   

 

6. 5. 3 Impacts of harvesting to primary consumers 

 

When harvesting commenced, the predicted decline in primary consumers was 

generally rapid and proportional to harvesting intensity. All groups reached new stable 

biomasses after 2 years of harvesting, and recovered to their original biomass 1 to 2 years 

after harvesting ceased. The intensity of harvest also had little impact on the rapid recovery 

times of primary consumers, provided that less than 80% of the wrack was harvested, after 

which recovery times increased by several years. The rapid response of primary consumers 

to wrack harvesting can be related to their species-specific life history traits and population 

dynamics (Revell et al., 2011). It can also be attributed to the model assumption that all 

‘excess’ wrack on the beach is exported, and that there is no reservoir of accumulated wrack 

for fauna to consume once wrack harvesting commences. In reality, some wrack is likely to 

remain on the beach rather than be exported, and fauna will continue to feed on this until 

the quantity of wrack harvested exceeds that which is retained, after which invertebrate 

populations will decline. Most of the invertebrates in this study have short life spans and 

high turnover rates (high P/B ratios), which would allow them to recover quickly as soon as 

wrack is replenished. However, the dispersal ability of macroinvertebrates was not taken 

into account in this study, and can play an important role in their recovery time once wrack 
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harvesting has ceased (Dugan et al., 2009).  Highly mobile taxa such as Diptera can 

recolonize beaches as soon as the wrack is available, however flightless crustaceans (e.g. 

amphipods) and less mobile insects such as beetles take longer to recover (Dugan et al., 

2009). Therefore, it is possible that all the non-flying invertebrate taxa in the modelled 

beach would take longer to recover than predicted by the simulations.   

 

The recovery times of 1 to 2 years predicted for primary consumers are in line with 

the findings of other studies of disturbed beach environments (Revell et al., 2011, Dugan et 

al., 2009). Revell et al. (2011) assessed the recovery time of fauna on Californian beaches 

after the impacts associated with the 1997-98 El Niño. These impacts included a 30-40% 

reduction in macroalgal wrack cover in the intertidal and reductions in beach width and sand 

volumes as a result of erosion, which resulted in a direct decline in the abundance and 

biomass of macroinvertebrates and shorebirds. The biomass of short-lived 

macroinvertebrate species such as talitrid amphipods showed full recovery 2 years after the 

1997-98 El Niño (Revell et al., 2011).  

 

6. 5. 4 Impacts of harvesting to predators 

 

Shorebirds:  Harvesting of wrack reduces the prey items available to shorebirds 

(Revell et al., 2011, Dugan et al., 2003), leading to their decline as predicted by the model. 

The model predicted that shorebirds took longer to respond to wrack removal than 

carnivorous beetles, which can be attributed to their longer life spans (Revell et al., 2011), 

and the fact that a proportion of their diet was obtained outside the model area. Reducing 

the wrack biomass by > 40-50% for 25 years predicted a ‘collapse’ in wader populations, and 

a halving of gull populations. If less than 50% wrack was harvested for 25 years, then gulls 

and waders were able to recover to within 10% of their pre-harvest biomasses within a 

decade. However, given the mobility and varied diets of many of shorebirds, the Ecosim 

predictions are likely to be ‘extreme’ because the model does not account for the 

adaptability of birds’ diets (the ‘diet import’ is a fixed ratio in the model). The predictions are 

also a worst-case scenario because they were made on the assumption that all excess wrack 

was exported from the beach, and was not available to consumers. This assumption leads to 

the immediate decline in consumers when wrack harvesting commences, and a 
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corresponding rapid decline in shorebirds. To more accurately predict the impact to 

shorebirds, a better estimate of wrack export rates is needed.  

 

In reality, shorebirds may adjust their feeding patterns and forage more outside the 

beach if wrack is harvested, but it is not clear how capable adjacent habitats will be at 

‘absorbing’ their consumptive needs. Gulls, which are opportunistic feeders and scavengers 

(Ingolfsson, 1976) would be more capable of adapting their feeding habits than waders, 

many of which are tightly restricted to coastal feeding grounds (Robinson, 2005). The degree 

of specialization in the diets of birds will thus play a large role in impacts of reducing foraging 

habitats (Kissling et al., 2010). Since this was an ‘annual’ model, the impacts to shorebirds of 

removing wrack during different seasons could not be assessed. However, it is probable that 

the greatest impacts to waders would be observed during the autumn and spring migration 

periods, when their energy demands are highest (Prys-Jones et al., 1992b). Migrating waders 

have short stop-overs combined with high energy requirements (Dierschke, 1998), and 

would suffer great energetic losses if they needed to spend more time searching for food 

because the wrack-associated fauna had declined. To better understand the impacts of 

wrack removal to shorebird populations, the relative availability of alternative food 

resources in adjacent habitats needs to be assessed.  

 

One of the main concerns in this modelling study was that the predicted declines of 

shorebirds were unrealistic because they could potentially move to other habitats to feed, or 

use alternative migratory stop-overs. However the responses of birds predicted by Ecosim 

were in line with field observations on Californian coastlines on which there were a 

substantial reduction in subtidal kelp biomass and associated beach-cast wrack (Revell et al., 

2011, Bradley and Bradley, 1993). Kelp forests (and associated wrack) have shown various 

cycles of decline and recovery in California, to which variations in shorebird population have 

been linked (Revell et al., 2011, Bradley and Bradley, 1993). These variations in kelp biomass 

resulted from changes in light-nutrient-temperature dynamics during El Niño events, as well 

as complex predator prey relationships caused by kelp harvesting and urchin grazing in the 

forests (Tegner and Dayton, 2000, Tegner and Dayton, 1991, Revell et al., 2011). Bradley and 

Bradley (1993) suggested that shorebird populations declined on the Californian coast in the 

late 1950s-60s in response to disappearing kelp forests, and then reported that five species 
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of shorebirds which feed in wrack banks (including Turnstone, Arenaria interpres, also 

recorded in our study)  increased dramatically with the recovery of kelp forests in the 1980s. 

Revell et al. (2011) also found that mean shorebird abundances dropped to 60% of pre-El 

Niño averages and declined for several years after the 1997-98 El Niño. This decline was 

associated with reduced wrack input and loss of wrack macroinvertebrates and other beach 

macroinvertebrates (see above). The number of shorebirds then slowly increased when 

sufficient macroinvertebrate prey resources become available again on the beach (after the 

El Niño event). However, the populations of several important migratory shorebirds (e.g. 

Sanderling, Calidris alba, also recorded in the Uists) took more than 6 years to recover 

(Revell et al., 2011). The findings of Revell et al. (2011) support the plausibility of the Ecosim 

predictions and show that a reduction in food resources (for a period as short as 2 years) can 

lead to a considerable decline in migratory shorebird populations and a slow recovery time.  

 

Carnivorous beetles: Of the predators, this group showed the most drastic decline in 

biomass with increased harvesting intensity. This is because they had the highest 

consumption rates of all three predator groups, and were entirely dependent on wrack 

macroinvertebrates as food (in the model). They also have very short life-histories in 

comparison to birds, meaning that a decline in their prey resources will have a rapid impact 

on the population biomass. Harvesting more than 40% wrack resulted in carnivorous beetles 

dropping to < 0.5% of their original biomass. The decline in carnivorous beetles was not 

linear relative to their prey in the model because the trophic links were not linear (they had 

three prey items). With each time-step the Ecosim model adjusts the proportion of certain 

prey in the beetles’ diet relative to the biomass of that prey available in the model. For 

example, as talitrid amphipods decline the model may apportion more of the beetles’ diets 

to other prey such as oligochaetes. This continues until all prey resources have been 

depleted to a point that cannot support the population of beetles, after which the beetle 

population will ‘crash’.  

 

However, because beetles have relatively rapid turn-over rates they were able to 

recover in less than 3 years if harvesting intensities were maintained below 40% wrack.  If 

wrack was harvested for long periods of time (> 60% wrack harvested for > 25 years) it is 

possible that sustained low numbers of these beetles could lead to their local extinction. This 



Chapter 6: Predicting harvest impacts 

 

210 

 

has been observed for predatory Coleoptera in tropical forests that have been subject to 

deforestation and loss of prey resources (Didham et al., 1998). In addition, it has been found 

that higher trophic level fauna are more susceptible to localized extinctions (Didham et al., 

1998), especially those with specialized diets and tight niches, such as the carnivorous 

Staphylinid beetles on the Uist beaches.  

 

6. 5. 5 Model limitations, information gaps and future research 

 

One of the benefits (and downfalls) of building models is the large data 

requirements, which allows scientists to identify the major information gaps with regards to 

ecological information. As such, several information gaps and areas for future research have 

been identified in the development of this model, and these are briefly summarized below.  

 

1) The major limitation of this model was that all wrack not consumed by fauna or 

harvested was ‘exported’ from the beach. This assumption was based on the 

convention of previous Ecopath models, and the lack of data on the natural export 

rates of wrack from beaches. Therefore, the immediate decline in primary consumers 

when wrack harvesting commenced was a worst case scenario. If some wrack was 

retained on the beach rather than being exported, then primary consumers would 

have a more plentiful food supply, and their populations wouldn’t decline as rapidly 

with wrack harvesting. For this reason, all model predictions should be treated with 

caution.  

 

2) There is virtually no data or empirical models on the consumption rates of 

macroinvertebrates that can be applied to this region or habitat. Better empirical 

models are needed to calculate feeding rates of coastal macroinvertebrates, 

especially insect species so that the parameterization of ecological models can be 

improved. 

 

3) This model does not take into account the feeding adaptations of shorebirds, which 

adds uncertainty to the model predictions. The amount of time/energy that birds 

spend feeding on beaches with wrack versus adjacent habitats needs to be better 
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understood so that their adaptation to reduced prey resources can be better 

quantified. 

 

4) The amount of wrack removed from the beach was expressed as the ‘% wrack 

harvested’. In order to translate this into a harvestable biomass in tons per year, it is 

necessary to know the input rates of fresh kelp wrack to the beaches. The biomass of 

wrack in the model represents the average biomass of wrack on the beach, at any 

one time within a year. It does not represent the input rate or turn-over rate of wrack 

(as explained in Chapter 2, section 2. 4. 1). At no stage in this thesis have input rates 

been quantified, only the accumulated ‘static’ biomass of wrack on the beach. Wrack 

is constantly being transported onto and off the beach by wave action, and so the 

amount of fresh wrack available for harvesting on the beach may be substantially 

greater (or less) than the average ‘static’ biomass presented in the model.  

 

5)  Inshore or ‘surf-zone’ trophic groups were not included in this model because data 

was not available over a one-year period. However, results from Chapter 4 indicate 

that macroalgal detritus is important to inner shore fauna, especially hyperbenthic 

fauna, which are preyed on by fish and macrocrustaceans. It would be of interest to 

extend the model by a few hundred meters into the inshore water column and assess 

how changes in macroalgal detritus affect the functioning of sandy beaches as 

nursery areas for commercially important juvenile fish.  

 

6) Long term time-series data are needed to validate the predictions made by Ecosim 

and assess if the ecological changes inflicted by wrack harvesting are actually realistic. 

There are currently no time-series available that could be used for such validation. 

However, given the ecological importance of wrack, it is advised that long term 

monitoring programs are established. At minimum these programs should monitor 

changes in wrack biomass (in nearshore environments and beaches), key detritivores 

and one or two top predators (e.g. waders). This data could be used to further the 

development of ecological models on the west coast of Scotland, and improve our 

understanding of the drivers behind coastal change.  
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7) The amount that predators consume will largely be determined by the vulnerability 

or ‘invulnerability’ of their prey (see section 6. 3. 2 on vulnerabilities), and these 

predator prey-dynamics were not explored in the model. Although invertebrate prey 

were abundant, it is probable that much of the biomass was not available to 

predators because the macroinvertebrates can seek refuge or ‘hide’ in the deep 

wrack banks and sediment, i.e. ‘bottom-up’ control. The ability for prey to hide will 

influence the impacts to birds if wrack is harvested, and greatly impact the 

predictions made by Ecosim. In Ecosim a default vulnerability of 2 (bottom-up) was 

set. However, different vulnerability settings should be tested to assess how wrack 

harvesting combined with changes in prey vulnerability may affect bird populations.  

 

8) Large quantities of wrack were predicted to be exported from beaches, which is likely 

to fuel other nearshore food webs (e.g. sublittoral, demersal and rocky-shore), and 

provide important habitat complexity and shelter. The requirements of adjacent 

ecosystems and their dependence on macroalgal detritus to meet these needs should 

be addressed. Extended ecological models should then be developed linking together 

adjacent habitats in order to identify indirect effects of wrack harvesting and kelp-

forest dynamics on multiple ecosystems.  

 

9) The predicted time for fauna to recover once harvesting stops is based on the 

assumption that the quantity of wrack washed onto the beaches will be the same for 

pre- and post-harvesting periods. This does not take into account annual changes in 

physical drivers (such as light, nutrients and sea surface temperature) which affect 

kelp growth (Steneck et al., 2002), which would intern influence the wrack biomass 

available for beach food webs.  

 

6. 6 Conclusions and management recommendations 

 

Results of the modelling scenarios suggest that harvesting wrack negatively affects 

macroinvertebrates rapidly, but that they are capable of fast recovery. Shorebird 

populations decline more slowly as a result of lost prey resources, and recovery times 

increase as a function of harvesting intensity (once harvesting has ceased). Continually 
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harvesting wrack for biofuel is predicted to have long-term negative impacts on shorebird 

populations utilizing the beaches, especially migrating waders. It is very difficult to make 

recommendations regarding ‘sustainable’ harvesting of wrack, because the removal of wrack 

will generally result in an impact that is proportional to intensity. Broad findings are 

highlighted below, which may guide future management of the ‘seaweed for biofuel’ 

industry, or any kelp harvesting industry. It is imperative to note that these are worst case 

scenarios, and are based on several assumptions and model limitations as outlined above. In 

reality, it is unlikely that the response of fauna to wrack harvesting will be as dramatic as 

that predicted by the model. 

 

In summary, the results from this modelling study show: 

 

• Rapid, immediate declines in primary consumers (e.g. Diptera larvae, polychaetes, 

oligochaetes, talitrid amphipods) once wrack harvesting commences, and 

establishment of new stable biomasses within 1 year of harvesting 

• Recovery of primary consumers to pre-harvest biomasses within 1 to 2 years once 

harvesting has ceased 

• Slow and steady decline in shorebird populations with continual harvesting of wrack 

• ‘Decline’ of wader populations utilizing beaches to <10% of original biomass if more 

than 50% wrack is harvested continually for 25 years or more (waders reach new 

stable biomasses after 25 years) 

• Continued decline of gull populations over time to <10% of their original biomass 

with no new stable biomass being established if harvesting intensities are >40% 

wrack 

• Average recovery time for gulls predicted to be less than 10 years provided 

harvesting intensities were below 60% wrack biomass 

• Harvesting less that 20% wrack allows waders to recover within 5 years once 

harvesting has ceased. Harvesting 30-50% wrack requires a 13-18 year recovery time 

for waders, and harvesting more than 70% wrack requires a 45-60 years recovery 

time for waders. 
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Should wrack harvesting commence, the ‘minimal impact’ scenario ecologically 

speaking would be to harvest less than 10% of the wrack; yet this is unlikely to be viable for 

the biofuel industry. However, it is strongly advised, based on the findings of this model and 

observations elsewhere, that no more than 30-40% of the wrack is harvested. All else being 

equal, harvesting this quantity is predicted to negatively impact shorebird populations, but 

would mean that they could recover in under a decade once harvesting ceased. These 

recommendations are given in light of the conservation importance of several of the 

migrating and breeding wader species (e.g. Dunlin and Ringed plover), and the value of bird 

eco-tourism in the Uists. It is also recommended that several key beaches which 

accumulated wrack are left untouched, this is to ensure crucial ecosystem services are still 

supplied by wrack. However, in order to provide more accurate and realistic predictions 

about the impacts to primary consumers and shorebirds if wrack is harvested, this model 

needs to be developed further and certain key limitations and assumptions must be 

addressed; specifically the export rates of wrack and the dietary adaptations of shorebirds. 
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7. 1 Introduction  

 

This chapter discusses the broad research finding and theories developed through 

the research presented in this thesis, namely: 1) the response of sandy beach fauna to wrack 

subsidies in combination with physical characteristics of the beach; 2) the advantages and 

disadvantages of natural experiments; 3) the role of wrack in linking adjacent ecosystems 

through the recycling of nutrients and the export of organic matter; 4) the greater functional 

redundancy on beaches which accumulate wrack and hence their enhanced resilience to 

perturbations; 5) the ecosystem services provided by wrack, and finally 6) the predicted 

impacts of wrack harvesting. The priorities for future research are then highlighted.  

 

7. 2 Response of fauna to wrack subsidies 

 

Beaches which accumulate wrack in the Uists supported some of the highest 

biomasses and abundances of (i) macroinvertebrates within wrack banks and (ii) benthic 

infauna in sediment reported worldwide for beaches (Chapter 2 and 3). The dominant wrack 

macroinvertebrates in terms of biomass were enchytraeid oligochaetes and Diptera larvae 

(mainly Coelopa spp.), which attained greatest densities (and biomasses) in the ‘old’ wrack 

which had accumulated on the upper shore. When comparing beaches with and without 

wrack, the biomass and abundance of benthic infauna were enriched around mean low 

water on beaches which accumulated wrack (Chapter 3). These benthic infauna in the 

sediments of the lower shore mainly comprised detritivorous polychaetes (Capitella capitata 

and Malacoceros fuliginosus), which are typically found in estuaries (Lewis et al., 2003) and 

sea lochs (Hansen et al., 2001)  with high organic loading, but have never been recorded at 

such elevated abundances on sandy beaches. The polychaetes were presumably feeding on 

fragments of decaying seaweed, as well as ‘other detritus’ and microphytobenthos that were 

mixed into the beach sediment (Fauchald and Jumars, 1979). The macroinvertebrates may 

also be seeking shelter from desiccation and predation within and under the wrack banks 

(Koch, 1989, Colombini et al., 2009).  The high densities of detritivores from two distinctly 

different habitats (wrack and sediment), and different beach zones (upper and lower shore), 

are important in the provision of food to both terrestrial and marine predators, such as 
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shorebirds, carnivorous beetles and fish, as predicted by the food webs developed in 

Chapter 5.    

 

The Uist beaches are foraging grounds for several wader species of conservation 

importance, such as Dunlin, Sanderling and Turnstone (Stroud et al., 2001), with peak 

abundances observed over winter (Chapter 2). There was a strong association between 

waders and intertidal wrack cover (R
2 

= 0.82) during the spring migration; where a 10% 

increase in wrack cover corresponded to a 9.1% increase in the abundance of waders. This 

relationship reflects the enhanced foraging opportunities that wrack provides to birds 

(Dierschke, 1998, Dugan et al., 2003). Prior to the spring migration (late March), there was 

also a significant 3.7-fold increase in the mean biomass of Diptera larvae within ‘old’ wrack 

(Chapter 2), which would coincide with birds pre-migratory fattening period (Prys-Jones et 

al., 1992b, Prys-Jones et al., 1992a). This is ecologically significant because Diptera larvae 

have the highest calorific value of all prey available to waders in the coastal environment 

(Brey, 2001, Stentondozey and Griffiths, 1983, Fuller et al., 2013), allowing waders to 

maximize their energy gain relative to foraging time (Dierschke, 1998). Many of the 

shorebirds recorded do not feed exclusively on beaches (Stroud et al., 2001), but wrack may 

be crucial when the birds energy demands are highest, such as during winter and while on 

migration (Dierschke, 1998). However, the relative importance of wrack versus other 

shorebird feeding habitats still needs to be assessed.  

 

This ecological role of wrack is not limited to the intertidal and supralittoral zones, 

but extends into the adjacent water column (Chapter 4); where a one litre increase in the 

volume of drifting macroalgae (ℓ.100m
-3

) predicted a 10% increase in the abundance of 

hyperbenthic fauna. Such a strong association has not previously been demonstrated 

between hyperbenthic fauna and drifting macroalgae. These fauna mainly comprised 

detritivorous mysids, gammarid amphipods and isopods, which were likely to be feeding on 

particulate organic matter derived from detached macroalgae (Crawley et al., 2009), or 

seeking refuge from predators and the extreme physical conditions in the swash, such as 

strong tidal currents (Vandendriessche et al., 2007).  
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The findings presented here, and supporting literature, suggest that sheltered 

beaches with moderate accumulations of drifting macroalgae inshore attract decapods and 

fish. Linear modelling results in Chapter 4 predicted that a one litre increase in the volume of 

drifting macroalgae inshore (ℓ.100m
-3

) was associated with a 2.4% increase in the density of 

decapods and fish. This was partially attributed to the greater availability of food, such as 

benthic infauna, mysids, amphipods and isopods, which are common prey items to decapods 

and fish (Gibson and Ezzi, 1987). Drifting macroalgae also attracts juvenile fish to nursery 

areas by enhancing habitat complexity and providing refuge (Robertson and Lenanton, 1984, 

Crawley et al., 2006, Clark et al., 1996). However, dense accumulations of drifting 

macroalgae can inhibit feeding efficiency of benthic fish (Aarnio and Mattila, 2000), and 

negatively affects their abundances  (Florin et al., 2009). This was indicated in the results of 

Chapter 4, where decapod and fish abundances declined above a certain ‘threshold’ of 

macroalgal volume.  

 

Findings in Chapter 5 predicted that a beach with plentiful wrack input had a more 

even flow of energy through a greater diversity of trophic links, and more functional 

redundancy than a beach with little wrack. These factors are important in enhancing the 

resilience of food webs (Ulanowicz, 2000) as discussed later in section 7. 5. The total biomass 

and secondary production for the ‘high wrack’ food web, on one day, was estimated to be 29 

times and 4 times greater, respectively, than for a beach with little wrack supply. These 

predictions support the notion that wrack subsidies fuel the secondary production in 

environments with relatively limited in situ primary production (Polis and Hurd, 1995, 

Bustamante and Branch, 1996, Krumhansl and Scheibling, 2012, Colombini and Chelazzi, 

2003, Dugan et al., 2003).   

 

However, the food web models developed in Chapters 5 and 6 indicated that there 

was an excessive supply of wrack relative to the consumptive demands of the fauna on the 

beach, and  the transfer efficiencies between trophic levels were low relative to other 

ecosystems (Heymans et al., 2012). This suggests that faunal densities may be limited by 

physical constraints and behavioural characteristics rather than food supply; or that fauna 

are mainly using wrack for shelter rather than food (Colombini et al., 2000, Colombini et al., 

2009). Biomasses of different functional groups within a food web are typically controlled by 
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their ability to find prey, which is influenced by their preys ability to find shelter (Christensen 

and Walters, 2004). For example, prey items for fish and birds can burry in the sediments 

(benthic infauna) or within the wrack banks (e.g. Diptera larvae), or hide amongst drifting 

macroalgae (e.g. hyperbenthic fauna).  This ‘bottom-up’ control, whereby the behaviour of 

prey limits the biomass of predators (Christensen et al., 2008) is likely to be a major factor 

influencing total biomass and production of the beach food web.  

 

Physical constraints to the density of semi-terrestrial supralittoral fauna such as 

talitrid amphipods, beetles and Diptera, include the area of dry habitat available (Dugan et 

al., 2008, Brown and McLachlan, 1990), and the micro-climatic conditions within wrack 

banks such as temperature, humidity and oxygen availability (Koch, 1989, Colombini et al., 

2000, Colombini et al., 2009). Large mounds of wrack may become hypoxic and more 

inhospitable to fauna with depth, for example. The densities of detritivorous polychaetes on 

the lower shore may be limited by factors that affect burrowing, such as the penetrability of 

the sand, the location of the water outcrop table, the swash climate and  the oxygen 

concentration in the sediment, some of which are interrelated (Brown and McLachlan, 

1990). The abundances of larger mobile inshore fauna, such as decapods and fish, are 

generally controlled by wave energy and swash climate (Clark et al., 1996, Beyst et al., 

2002a), where strong currents inhibit some species from burying in the sediment (e.g. plaice) 

or searching for food (Beyst et al., 2002b). This was also apparent on the Uist beaches, 

where an increase in wave height and beach angle (more exposure) was associated with 

lower abundances of decapods and fish (Chapter 4). Therefore, habitat characteristics of the 

beach, the supply of food and the behavioural traits and adaptations of fauna all influence 

the productivity of beach food webs.      

 

7. 3 Using ‘natural experiments’ to answer ecosystem scale 

questions 

 

Field observations or ‘natural experiments’ were used test hypotheses regarding the 

relationship between wrack biomass (or cover) and the density of beach fauna (Chapters 2-

4).  Birds, benthic infauna and inshore fauna exhibited a strong response to the quantity of 

wrack on the beach. Correlations between wrack and faunal abundances where confounded 
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by other characteristics of the beach that were not controlled for, such as grain size. On the 

Uists, wrack and associated particulate organic matter tended to accumulate on beaches 

with finer grain sizes (Chapters 3 and 4), which is a characteristic of more sheltered 

environments. To complicate matters, it is globally recognized that macrofaunal abundance 

increases with decreasing grain size (and increasing shelter) on beaches, regardless of wrack 

input (Schlacher et al., 2008). This collinearity made it difficult to tease apart the influence of 

physical beach characteristics and wrack on fauna distribution, which was one of the key 

downfalls of using the observational field-based approach (Diamond, 1983). However, 

MacNeil (2008) argues that if the response of a tested affect is sufficiently large and 

dramatic, and outwith natural variation, then confounding factors may play less of a role in 

obscuring the results. The abundance and biomass of benthic infauna on beaches with wrack 

was so much larger on high wrack beaches versus low wrack beaches that is unlikely that this 

difference was only due to changes in grain size and beach shelter. Wrack accumulation may 

thus act together with more sheltered beach environments to enhance the abundance of 

fauna (Brown and McLachlan, 1990). 

 

A question that has arisen out of this thesis is whether observational or experimental 

approaches would have provided better insights into the ecological role of wrack and the 

impacts of its removal. Coastlines are open systems, with links between major habitats, such 

as kelp beds, sandy beaches and rocky shores (Hawkins, 2004). In such complex, open 

systems the reductionist experimental approach that focuses on a single species or habitat is 

inappropriate for answering ‘ecosystem’ level questions (Sagarin and Pauchard, 2009, 

Hawkins, 2004), as was the aim of this thesis. However, combining the ‘natural experiments’ 

in this thesis with in situ manipulative experiments would be a powerful and useful way of 

elucidating complex ecological processes (Raffaelli, 2006, Sagarin and Pauchard, 2009), and 

should be an area of future research (see section 7. 8). For example, experimental burial of 

wrack on beaches, such as performed by Rossi and Underwood (2002), could be used to 

prove that wrack enhances the biomass of benthic infauna, while explicitly controlling for 

other influencing factors such as grain size. The research presented in this thesis could also 

be strengthened by conducting habitat selection experiments and dietary studies to confirm 

the trophic links between fauna and macroalgal wrack, and discern if wrack is relatively 

more important as a form of food or shelter. 
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7. 4 Linking ecosystems through export of wrack and nutrient 

recycling 

 

Several different ecosystems are connected by the movement of macroalgal detritus 

and associated nutrients, which are transported by currents, tides and waves (Krumhansl 

and Scheibling, 2012). Trophic models for wrack subsidized beaches (Chapters 5 and 6) 

indicated that the majority of wrack (up to 81%) is not consumed or recycled within the 

macroscopic food web, but is ‘exported’. Large exports of unconsumed wrack have also been 

reported for a  beach with wrack in the Western Cape, South Africa (Griffiths et al., 1983). 

‘Exported’ wrack may consist of large algal fragments or particulate organic matter, which is 

transported between beaches and other marine habitats  such as rocky shores (Bustamante 

and Branch, 1996) and  shallow subtidal reefs (Wilding, 2006) by water circulation 

(Krumhansl and Scheibling, 2012). Macroalgal detritus is thus important to a variety of 

suspension, deposit and filter feeding organisms remote from kelp forests, and enhances 

secondary production by supplying these fauna with food (Krumhansl and Scheibling, 2012, 

Duggins et al., 1989, Bustamante and Branch, 1996, Kaehler et al., 2006) and shelter 

(Vandendriessche et al., 2007).  

 

Sandy beach ecosystems are important centres for processing and re-mineralizing 

substantial quantities of detached kelp, and exporting the nutrients to the nearshore 

environment (Dugan et al., 2011). The process of nutrient recycling is broadly recognized as 

being essential in maintaining ecosystem functioning (Bulling et al., 2010, Raffaelli, 2006), by 

facilitating the growth of primary producers such as phytoplankton and kelp (Dugan et al., 

2011, Soares et al., 1997). The benthic infauna, which were abundant in the sediment of the 

‘high wrack’ beaches of the Uists (Chapter 3), may play a large role in the ‘reworking’ of 

decaying algal matter and recycling of nutrients (Bulling et al., 2010), as discussed in section 

3. 5. 4 (page 3. 5. 4). The abundant hyperbenthic fauna in the water column, specifically 

mysids (Chapter 4), may also be responsible for nitrogen regeneration from drifting 

macroalgal detritus inshore (Cockcroft et al., 1988). Much of the wrack ‘export’ is likely to 

enter interstitial and microbial food webs on the beach (Koop et al., 1982), which play an 

essential role in the remineralisation of nutrients within wrack, and the release to the 
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overlying water column (Koop and Lucas, 1983).  Therefore, maintaining wrack banks and 

associated diversity and biomass of fauna on beaches is important for the functioning of 

wider nearshore ecosystems.   

 

Beaches with wrack attracted significantly more shorebirds than those without 

wrack, as shown in Chapter 2. Shorebirds are known to contribute significantly towards 

nutrient fluxes and nutrient cycling (supporting and provisioning service), especially migrants 

which attain large densities in flocks (Whelan et al., 2008). For example, nitrate and 

ammonium concentrations observed around Tatoosh Island, Washington State, could only 

be attributed to the input of ammonium and nitrite to the nearshore environment by guano 

being washed into the sea during periods of high rainfall  (Pfister et al., 2007). Waders 

feeding on beaches, and roosting inland on nutrient-poor machair, such as Dunlin, Ringed 

plover and Oystercatchers (Stroud et al., 2001) may also be important for the inland 

transport of nutrients derived from the marine environment.   

 

7. 5 Trophic redundancy and resilience of beach ecosystems in 

the face of change 

 

One of the key theories that emerged from this thesis was that wrack subsidies 

increase the resilience of sandy beach food webs, and enhance their capacity to recover 

from disturbances (Chapter 5, section 5. 5. 4). Where ‘resilience’ means the ecosystems 

capacity to absorb stress and keep functioning (Levin and Lubchenco, 2008). Disturbances to 

coastal ecosystems (broadly speaking) may include stressors from climate change such as 

increased temperatures, increased storm frequency and erosion, or resource extraction 

(kelp harvesting), pollution and coastal development (Schlacher et al., 2007, Defeo et al., 

2009). Critical aspects which define the resilience of an ecosystem are the diversity of 

species, the redundancy of trophic groups (Levin and Lubchenco, 2008) and the energy flows 

through all available trophic links in the food web (Heymans and Baird, 2000, Ulanowicz, 

2000). Functional redundancy occurs when a number of functional groups have overlapping 

trophic roles in a food web; and a decline in the abundance of one group will have little 

observed impacts to predators because other functional groups can compensate for the loss 

(Levin and Lubchenco, 2008, Menge et al., 1986, MacArthur, 1955).  
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The ecosystem modelling and network analysis results in Chapter 5 predicted that on 

a beach with ‘high wrack’ loads the food web was characterized by more generalist feeders, 

with several functional groups occupying similar trophic niches, and a greater diversity of 

trophic pathways through which energy flowed more evenly (lower A/O). Whereas the 

beach without wrack had more specialist feeders, and the energy flow up the food web was 

constrained to fewer trophic links. These attributes (quantified with network analysis) 

theoretically suggest wrack enhances the resilience of beach food webs to perturbations, 

largely due to the greater degree of trophic connectance (Ulanowicz, 2000). For example, on 

‘high wrack’ beaches there were two major food groups available to birds; benthic infauna 

such as polychaetes in the sediment at mean low water, and macroinvertebrates such as 

Diptera larvae in wrack banks on the upper shore (detailed in Chapters 2, 3, and 5). If wrack 

is washed out to sea by extreme high tides then benthic infauna may still remain as a food 

source at low tide. If surface sediments are eroded by storms, then wrack 

macroinvertebrates may still remain on the upper shore (See discussion in Chapter 3, section 

3. 5. 5, page 93). Thus there is redundancy in the system, which provides birds with 

alternative food sources should the supply of one prey item decline, either for natural or 

anthropogenic reasons. However, if benthic infauna and wrack-fauna simultaneously decline 

(due to wrack harvesting for example) major changes could occur to bird populations 

utilizing beaches, as predicted in Chapter 6. Functional redundancy is also evident for 

inshore decapods and fish, which have both benthic infauna in the sediments and 

hyperbenthic fauna to feed upon. It is important to stress that this functional redundancy is 

due to the presence of wrack, which supports a diversity of consumers through the provision 

of food and shelter. If wrack is lost, functional redundancy is likely to decline and resilience 

will be reduced. However, it is necessary to ask which components of the beach ecosystem 

need to be resilient and why. This requires identifying which aspects of the ecosystem are 

valuable to humans, and provide an ecosystem service (Levin and Lubchenco, 2008).  

 

7. 6 Ecosystem services provided by wrack and associated fauna 

 

The concept of ecosystem resilience leads directly into the theme of ecosystem 

based management (EBM), and the goal of sustaining ecosystem services provided by 
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beaches and wrack. Ecosystem services are the benefits that people obtain from ecosystems 

(MEA, 2005) and four types of ecosystem services were officially recognized as part of the 

Millennium Ecosystem Assessment: 1) provisioning services such as food; 2) regulating 

services, such as regulation of coastal erosion; 3) supporting services, such as primary 

production, nutrient recycling and production of biomass, and; 4) cultural services, which are 

nonmaterial benefits that enhance the cultural and aesthetic value of the environment 

(MEA, 2005).  

 

The social-ecological linkages in an ecosystem are not linear, and there are many 

potential connections between the services that any one component of the ecosystem 

provides (Leslie et al., 2009). The services provided by two different species may also vary in 

response to perturbations, and certain services may be more robust to perturbations (Leslie 

et al., 2009). To help inform policy on the sustainable use of kelp and wrack resources, the 

extent to which ecosystem services are disrupted by kelp or wrack harvesting needs to be 

further assessed. The two main benefits that human obtain from the presence of wrack on 

beaches is the increased diversity and abundance of bird life, and the formation of dunes 

which protects coastal developments from erosion. These are outline below.  

 

The impact of wrack harvesting to birds has been a major point of discussion, and 

hence it is necessary to state why it is important to maintain bird populations. Firstly, the 

abundant birdlife on the Uists is valuable for ecotourism, and attracts many visitors to the 

coasts. Bird watching or ‘birding’ is an economic benefit and is also considered to provide a 

cultural and aesthetic service (Pfister et al., 2007, Whelan et al., 2008). Another important 

ecosystem services that birds provide is the dispersal of seeds and invertebrates across a 

variety of spatial scales, which may be important for maintaining crops (See Whelan et al., 

2008 and references therein).  

 

The formation of dunes and the protection of the coastal zone from erosion is 

possibly one of the most important services supplied by wrack in the Uists, which is 

considered to be extremely threatened by accelerated sea level rise (Angus, 2012) and the 

loss to human lives and property associated increase in flooding and storm surge (Dawson et 

al., 2007). Wrack provides nutrients to dune plants, and promotes their growth, 
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reproduction and survival, and thereby reduces the Aeolian transport of sand (Dugan and 

Hubbard, 2010). This facilitates dune formation and buffers the coast against risks of erosion 

(Dugan and Hubbard, 2010).  In the Uists, the worst erosion period in history has been 

closely linked to the ‘kelp boom’ between the 1770-1815 (Angus and Elliott, 1992), when 

large-scale harvesting of wrack took place for the production of alkaline ash (Gray, 1951).  

 

7. 7 Predicted impacts of wrack removal 

 

Lower wrack biomasses were associated with an overall lower secondary production 

of coastal food webs, a fewer diversity of trophic linkages and reduced ecosystem resilience 

(Chapter 5). Simulated wrack harvesting (Chapter 6) predicted a rapid decline in the biomass 

of intertidal primary consumers (polychaetes, diptera larvae, oligochaetes, beetles, talitrid 

amphipods) that was proportional to harvesting intensity, with a recovery to their pre-

harvest biomasses within 1 to 2 years. Shorebirds, with their longer life cycles, were 

predicted to decline more slowly than macroinvertebrates as a result of wrack harvesting, 

and recovery times were an order of magnitude longer than for macroinvertebrates 

(Chapter 6). Harvesting more than 50% of the wrack on the beach for 25 years predicted a 

‘collapse’ in waders to less than 10% of their biomass. If harvesting intensities were 

maintained below 40% wrack, shorebirds were predicted to recover in less than 10 years 

once harvesting ceased. Shorebirds were predicted to take significantly longer to recover (13 

to 60 years) if more than 40% wrack was harvested continually for 25 years or more.  

 

Shorebirds have several important ecological functions, such as the localized release 

of nutrients through guano (see section 7. 4), and the movement of propagules and seeds 

between habitats (e.g. machair and dune vegetation) (Whelan et al., 2008). Waders that 

feed on wetlands are important for long-distance seed dispersal because they make non-

stop crossings of several thousand kilometres (Green et al., 2002, Perez-Hurtado et al., 

1997). Several of the wader species in the Uists, such as Oystercatchers, Dunlin and Ringed 

plovers feed in both marine and terrestrial habitats (Stroud et al., 2001), such as wetlands 

and arable farmland. Here they may inadvertently ingest seeds or transport invertebrates 

and their propagules which adhere to the birds feet and  feathers (Green et al., 2002). Local 

movement of these waders between feeding and roosting sites may be essential in 
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maintaining the local diversity of plant and invertebrate species across the machair. A 

reduction on their abundances, or changes in their distribution, such as indirectly induced by 

wrack harvesting, may impact these processes of dispersal, as well as processes of nutrient 

recycling.   

 

However, modelling simulations in Chapter 6 do not take into account the impacts of 

wrack harvesting to adjacent food webs, neither do they account for a decline in nutrient 

recycling (ecosystem functioning), nor the loss of important habitat structure and refuge 

that wrack provides fauna. A decline in the abundance of benthic infauna associated with 

reduced wrack biomass (Chapter 3 and 6) would affect processes of bioturbation and 

sediment biogeochemistry (Raffaelli et al., 2003, Solan et al., 2004). Which  in turn would 

impact the decomposition of organic matter and the recycling of nutrients essential for 

primary production to the nearshore environment (Raffaelli, 2006). Removal of drifting 

macroalgae inshore is predicted to reduce the abundance of hyperbenthic fauna (e.g. 

mysids, isopods and amphipods), and decapods and fish, through the loss of both food and 

habitat complexity (Chapter 5). This would in-turn have negative consequences for the 

process of nutrient recycling as explained in section 7. 4 (page 221). Loss of wrack on the 

upper shore would also reduce the survival rates of macroinvertebrates (such as Diptera 

larvae) by making them more vulnerable to desiccation and predation (Colombini and 

Chelazzi, 2003).  

 

The trophic models in Chapters 5 and 6 suggest large quantities of organic matter are 

exported from beaches, and the literature suggests that this is an important trophic subsidy 

in adjacent nearshore food webs (Krumhansl and Scheibling, 2012, Bustamante and Branch, 

1996). Removal of wrack from beaches could weaken the links and flows of energy between 

kelp forests and the other ecosystems that depend on macroalgal detritus as a food subsidy, 

ultimately reducing ecosystem functioning of the entire nearshore. The harvesting 

recommendations in Chapter 6 are thus optimistic because they do not take into account 

the needs of adjacent ecosystems. The findings from this thesis stress the need to quantify 

the linkages and flows between these food webs. Only then can a holistic ecosystem based 

approach to management be put into place for nearshore environments (Hawkins, 2004). 
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7. 7. 1 Wrack harvesting and climate change 

 

Warming of the climate, induced by anthropogenically elevated concentrations of 

greenhouse gasses such as carbon dioxide, is now recognized as being unequivocal (IPCC, 

2007). Ecosystems are influenced in a non-linear way by the interaction of multiple stressors 

related to climate change and habitat destruction (Montoya and Raffaelli, 2010). The 

ecosystem impacts of removing wrack are likely to have significant interactions with climate 

change, which could initiate large scale disturbances in coastal functioning. For example, 

Bulling et al. (2010) found that the interaction between elevated temperatures and 

atmospheric CO2 had negative effects on the release of nutrients (NH4-N, PO4-P) to the 

water column by benthic infauna. Therefore, climate drivers may act together with wrack 

removal to decrease nutrient recycling by benthic infauna, with a resultant loss in ecosystem 

functioning. However, the interactions between these stressors are difficult to predict, 

especially at the ecosystem scale (Bulling et al., 2010, Montoya and Raffaelli, 2010). 

 

The melting of glaciers and the reduction in polar ice mass that is induced by global 

warming is predicted to result in sea level rise (SLR) of up to ~ 1 meter or more by 2010 (IPCC 

et al., 2007, Nicholls and Cazenave, 2010). The most recent (1957-2007) observations of sea 

level rise for Scottish ports lie between 0.52 mm/year and 4.26 mm/year (Rennie and 

Hansom, 2011). Coastal zone are the most threatened by changes induced my SLR, and the 

physical impacts include submergence, increased flooding of the coast and increased erosion 

(Nicholls and Cazenave, 2010). As the sea level increases the wave base is expected to rise 

higher above the seabed (Angus, 2012). This could potentially reduce the storm mediated 

defoliation of kelp, and reduce the quantity of wrack cast ashore. However, it is also not 

clear whether kelp would increase their upward growth with SLR, which would mitigate the 

effects of increased wave base. Angus (2012) speculates that kelp would not increase their 

upward growth with the predicted rate of SLR because kelp would not be light limited at the 

depths which they grow on the Uist islands.   

 

Elevated temperatures predicted as a result of climate change are also likely to affect 

the resilience of food webs by influencing the foraging rates of the functional groups, and 

thereby influencing the degree of connectance in the food web (Petchey et al., 2010). 
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However, there is no simple relationship between temperature changes and food web 

connectance, and warming may increase or decrease connectance in the food web 

depending on (for example) the handling time of functional groups (Petchey et al., 2010). In 

cold-water coastal zones, such as Scotland, kelp may become stressed and growth reduced 

at elevated sea surface (SST), especially when nutrient availability is low such as in regions 

with little upwelling (Steneck et al., 2002, Gerard, 1997). Therefore, there could be a 

negative feedback loop between increased SST as a result of climate change, reduced 

nutrient recycling in the nearshore environment as a result of wrack harvesting for biofuel, 

and a subsequent decline in kelp canopy biomass, which would in turn reduce wrack input 

and further reduce nutrient recycling. All of which would have compounding impacts to 

ecosystems that benefit from wrack subsidies. In order to predict and manage the combined 

consequences of wrack (and kelp) harvesting and climate change, it is necessary to examine 

interactions between climate drivers and decreases in macroalgal wrack. These two factors 

may have non-linear effects on ecosystem functioning and should be a major focus of future 

research. However, the more complex the interactions the more difficult it is to predict 

impacts.  

 

7. 7. 2 Harvesting wrack for biofuel 

 

Beach-cast kelp (wrack) is not a suitable feedstock for biofuel because: (i) The 

deposition of wrack on beaches is highly variable in space and time and difficult to predict, 

and this is not ideal for the production of biofuel which requires a constant and reliable 

feedstock of organic matter; (ii) Wrack harvesting is likely to reduce the secondary 

production of the coast, negatively impact multiple trophic groups (especially shorebirds), 

inhibit nutrient recycling and reduce the flow of energy (food) between adjacent habitats, 

and lead to the overall decline in nearshore ecosystem functioning; (iii) Large-scale removal 

of wrack for biofuel will contravene the marine strategy framework directive (MSDF) which 

specifies that (a) biodiversity must be maintained and (b) all elements of the food web occur 

at normal abundance and diversity and at levels capable of ensuring the long-term 

abundance of the species and the retention of their full reproductive capacity (MSDF, 2008). 
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7. 8 Recommendations for future research 

 

Numerous information gaps and priority areas for research were identified 

throughout this thesis, and recommendations for future work are summarized as follows:    

 

1) Quantify input rates of fresh wrack to beaches and other habitats such as rocky 

shores and sea-lochs and estuarine bays. Only the standing stock of wrack on the 

beaches (in various decay stages) were estimated in the research presented here 

(Chapter 2). Input rates of wrack are vital for quantifying the exchange rate of organic 

matter between adjacent ecosystems, and the extent to which macroalgal detritus 

connects these food webs. Future studies should also assess how hydrodynamic 

processes influence the distribution and transport of wrack in the marine 

environment, and the geographical extent to which wrack is transported.  

 

2) Quantify the rates of macroalgal detritus production (gC.m
-2

.year
-1

), from abrasion of 

living kelp fronds and detachment of kelp in storms, and compare to the rates of 

primary production from phytoplankton (gC.m
-2

.year
-1

) in nearshore environments. In 

addition, conduct dietary analysis on fauna to assess the relative contribution of 

phytoplankton versus macroalgal detritus to their diets. This research is important 

because macroalgal detritus, rather than primary production by phytoplankton, is 

potentially a key driver of secondary production in certain coastal food webs of 

western Scotland. 

 

3) Conduct detailed feeding studies of shorebirds to determine the relative importance 

of beaches with wrack as foraging habitats versus other foraging habitats, such as 

wetlands and rocky shores. In addition, assess the contribution of Diptera larvae and 

benthic infauna to the diets of shorebirds at different stages of the year, e.g. over-

wintering, migration and breeding seasons. This information is vital for better 

predicting the impacts to shorebirds if wrack resources decline. 

 

4) Better assess the function of drifting macroalgae in providing food and shelter for fish 

using Scottish sandy beaches, at various times of year (e.g. nursery periods) and 
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across different spatial scales. Such information is important for understanding how 

variations in wrack biomass may influence demersal fisheries.   

 

5) Positive relationships were found between the quantity of wrack and consumers 

such as benthic infauna and hyperbenthic fauna, and fauna in wrack banks. However, 

it was not clear the extent to which the consumers utilize wrack for food versus 

shelter, or both. Therefore, conduct dietary analysis (e.g. stable isotope-, fatty acid-, 

or gut content analysis) to confirm the trophic link between macroalgal detritus and 

primary consumers (inshore macroinvertebrates, benthic infauna and wrack 

macroinvertebrates).   

 

6) Assess how macroalgal cover influences the ‘vulnerability’ of fauna to predation, and 

the searching ability of predators. This information is essential for better 

parameterization of food web models (Ecopath with Ecosim), in which the 

vulnerability of prey is an important input parameter because it influences how 

predators responds in relation to changes in the biomass of their prey (e.g. through 

wrack harvesting). This will improve predictions of the influence of changing wrack 

resources to higher trophic level fauna.  

 

7) Conduct in situ field studies in which the quantities of wrack are manipulated in the 

intertidal zone and water column and the response of fauna are monitored. Control 

for physical characteristics of the beach that also influence the density of fauna, such 

as beach exposure, grain size, intertidal slope and wave height. The results of such 

studies could be used as supporting evidence for the findings of ‘natural 

experiments’ presented herein, which suggests the elevated abundances of intertidal 

and inshore fauna are associated with accumulations of wrack.  

 

8) Assess the relationship between the abundance and diversity of sandy beach 

macroinvertebrates and the release of nutrients from wrack into the sediments and 

water column. In addition, conduct laboratory experiments to understand the 

mechanisms by which these beach macroinvertebrates facilitate the recycling of 

nutrients from wrack. These studies would test the hypothesis that abundant benthic 
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infauna and hyperbenthic fauna which consume macroalgal detritus may be 

important in the recycling of nutrients from wrack, and therefore maintaining 

ecosystem functioning. 

 

9) Test the hypothesis that the release of nutrients from beaches may facilitate the 

regrowth and production of kelp on subtidal reefs. Assess the feedback between the 

growth of kelp on subtidal reefs, the deposition of wrack on beaches, release of 

nutrients from wrack, and the subsequent regrowth of kelp. In addition, determine 

how climate and anthropogenic drivers, such as increased sea surface temperature 

and wrack harvesting, influence these feedbacks. This will contribute to the 

knowledge of how stress induced from climate change and coastal development may 

affect essential ecosystem services provided by kelp and associated wrack. 

 

10)  Better parameterization of coastal food web models is required. Estimates on the 

diets, consumption and production rates of coastal fauna were used in models 

(Chapters 5 and 6) because there was a gross lack of data in the literature, especially 

for local macroinvertebrates. Dietary information was also sparse for shorebird 

species in the Uists. Future models could be strengthened by collecting empirical 

data for consumption and production rates of coastal macroinvertebrates and birds 

in Scotland, as well as conducting dietary studies. This information is essential for 

improving the parameterization and validity of food web models on the west coast of 

Scotland.   

 

11) Develop a long-term monitoring program for the biomass of wrack on beaches and 

associated fauna, such as benthic infauna, wrack macroinvertebrates and shorebirds. 

Such time-series can improve the understanding of how fluctuation in kelp and wrack 

resources (either natural or anthropogenically induced) affects ecosystem dynamics. 

Long-term time-series are also essential for validating predictions made in ecosystem 

models (such as that in Chapter 6). 

 

12)  Build food web models that couple ecosystems (e.g. beaches, rocky shores and 

subtidal reefs) through the exchange of macroalgal detritus. Beaches do not act as 
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closed compartments, but exchange organic matter (e.g. macroalgal detritus) with 

multiple adjacent ecosystems. A true ecosystem based approach to management can 

only take place when these links between ecosystems are quantified and modelled.  

 

13) Conduct a detailed study on the ecosystem services provided by beaches which 

accumulate wrack. Model how changes in wrack biomass influence the ecosystem 

services it provides, and determine the level of protection that should be given to 

kelp and wrack resources to secure essential ecosystem services. To date, there have 

been no efforts locally or globally to quantify these services. Coastal governance 

would benefit from knowing which services provided by wrack are most sensitive or 

vulnerable to a decline in wrack biomass, either due to wrack harvesting or natural 

(climate) stressors.  

 

14) Further test the novel theory that food webs which are subsidized by wrack are more 

resilient to perturbations. This theory was developed from a case study (Chapter 5) in 

which the food webs of two beaches with contrasting quantities of wrack were 

compared using network analysis. Network analysis should be performed for multiple 

beaches, as well as a variety of different habitats. For example, food web resilience 

could also be compared in terrestrial environments which receive kelp subsidies from 

wind-blown material.   

 

7. 9 Final conclusions 

 

This represents the only ecological study on kelp wrack in the United Kingdom, which 

includes multiple trophic groups extending from the inshore to the supralittoral zones. 

Within this thesis I have conclusively shown that accumulations of beach-cast wrack in the 

Uists, Scotland, are associated with elevated densities of benthic infauna on the lower shore 

and the hyperbenthic fauna inshore. The thesis also provides the first data in Europe on the 

biomasses of macroinvertebrates within mounds of wrack on the upper shore, and are some 

of the highest reported globally. Further work is needed to resolve the dietary links between 

wrack and these fauna; although the literature provides strong evidence that they are 

feeding on the decaying kelp and associated detritus. The thesis demonstrates that beach-
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cast wrack attracts shorebirds to forage, and it would be of conservation interest to 

determine how dependent shorebirds are on wrack food resources. Findings also suggest 

that moderate accumulations of drifting macroalgae inshore attract decapods and fish by 

increasing habitat complexity and food availability. However, further work is required, over 

greater spatial and temporal scales, to assess how wrack influences the functioning of 

beaches as nursery areas for fish in Scotland. This thesis presents the first comparison of 

mass-balanced food webs on beaches with and without wrack subsidies, and shows that 

wrack is associated with enhanced biomass and production of all trophic groups. It also 

makes the first suggestion that wrack increases ecosystem resilience through attracting a 

diverse array of consumers, which are functionally redundant, and supply predators with 

multiple different feeding opportunities. This resilience may ensure that coastal ecosystems 

continue to supply essential goods and services in the face of climate change and 

anthropogenic disturbances. However, the complex feedbacks between climate drivers (e.g. 

increased sea surface temperature), the growth of kelp and the subsequent supply of wrack 

to beaches need to be further assessed, as this will influence ecosystem resilience by altering 

food web dynamics. The theory of resilience also needs to be tested with more beach food 

webs and other ecosystems which are subsidized with wrack. The use of ecosystem models 

to predict the trophic impacts of harvesting wrack are a novel contribution to coastal and 

sandy beach ecology, and provide a valuable tool for informing the sustainable management 

of wrack resources. The results in this thesis provide resounding evidence that large-scale 

removal of wrack would negative impacts on ecosystem functioning, both terrestrial and 

marine, therefore it is not a suitable candidate for biofuel production.   
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Appendix 1. 1: Poisson and Negative Binomial distributions 

 

Ordinary linear regression is not ideal for modelling count data (e.g. bird counts), 

because the model may predict negative counts when it is not biologically possible. In 

addition, count data are usually not normally distributed, and using ordinary linear 

regression would violate the assumptions of normality (Zuur et al., 2007). Alternatives 

distributions that can be used to model count data include the Poisson or Negative Binomial 

distributions.   

 

The Poisson distribution is a discrete distribution, which expresses the probability of 

an event occurring in a set interval of time or space (such as the probability of observing a 

bird for a given length of beach) (Zuur et al., 2007). A Poisson variable can take any value 

between zero and infinity, and the variance of the data (δ2
) is assumed to be equal to the 

mean (µ) (Zuur et al., 2007). For small values of µ the Poisson distribution is positively 

skewed, but as the mean (µ) increases the distribution become symmetric (Figure A1.1) 

(Zuur et al., 2007). If the variance is greater than the mean, termed ‘overdispersion’ then an 

alternative distribution (e.g. Negative Binomial) should be used to model the data (Zuur et 

al., 2007).  

 

Figure A1. 1: Poisson probability distributions for data with increasing values of the mean.  
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The Negative Binomial distribution is typically used to model discrete count data for 

which negative values cannot be predicted, and where the variance is greater than the mean 

(µ) by a value of µ
2
/k, where k is the dispersion parameter (Zuur et al., 2007, Crawley, 2007, 

Zuur et al., 2009). Data that have a negative binomial distribution are also skewed to the left, 

meaning that the variance is not centred on the mean (as with normal distributions) and 

there is a higher probability of recording counts below the mean than above the mean:   

 

mean(Y) =  µ and var(Y) =  µ +  ]̂_
 

 

The link function in negative binomial models ensures that the fitted values are 

always non-negative (Crawley, 2007, Zuur et al., 2009). The most common link function is 

the log-link, however a square-root link can also be used if it results in a more homogenous 

spread in residuals (better model fit), as was the case with this data. When using a link 

function the regression models the log or square-root of the expected count as a linear 

function of the predictor variables. 

 

Appendix 1. 2: Dealing with heterogeneity using variance covariates 

 

Homogeneity of variances is one of the most important assumptions of linear 

regression modelling. The residuals (ε) of a model are assumed to be normally distributed, 

with a mean of 0 and a variance of σ
2
. Or more formally, var(ε) ~ N(0, σ

2
). Violations of 

homogeneity are called heteroscedasticity (or heterogeneity) and occur if the spread in the 

data is not the same for each X value (response variable), or for each categorical predictor. 

Heterogeneity can be checked by plotting the residuals versus the predicted values and 

assessing their spread. The spread of residuals should be roughly similar across the range of 

predicted values, or for each categorical predictor. For example, if the biomass of sediment 

macrofauna is the response variable, and intertidal shore level (high-, mid- and low-tide) is 

the explanatory variable, then heterogeneity  in the residuals may occur if there is more 

variation in macrofauna biomass data collected from high-water springs than from mean-

low water (see models developed in Chapter 3). Ignoring heterogeneity may result in 

predicted values with incorrect standard errors, which would invalidate tests of statistical 

significance. One method of dealing with heterogeneity is to transform that data (e.g. using 
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log10 or square root), but sometimes this does not solve the problem, and the log scale can 

make the results difficult to interpret. Another method of dealing with heterogeneity in the 

residuals is to specify the variance structure of the data by including a variance covariate 

term in the linear regression model. For example, adding a variance covariate for shore level 

(a categorical explanatory variable) would allow the model residuals to have a different 

spread for each shore level. Or more formally, specify that var(ε) ~ N(0, σj
2
) where j = mean 

low water, mid tide level or high water springs. 
 

There are various mathematical 

parameterizations available for adding a variance covariate to the model, and these are 

described in detail in Chapter 4 of Zuur et al. (2009).   

 

Appendix 1. 3: Collinearity and Variance Inflation Factors (VIFs) 

 

When including multiple explanatory variables in a model it is important to look at the 

degree of collinearity (correlations) between those variables. If there is some correlation 

between explanatory variables (i.e. they are collinear) it is possible to end up with confusing 

statistical results where nothing is significant, but where dropping an explanatory variable 

can make others significant, or the signs of the estimated parameters can be wrong (Zuur et 

al., 2010). The Variance Inflation Factor (VIF) for an explanatory variable can be used as a 

measure of collinearity between one explanatory variable and other explanatory variables, 

where: 

 

 VIF = 
K

K`ab  

 

The R
2
 term is from a linear regression model where one of the covariates is set as 

the response variable and the other covariates set as explanatory variables. A high R
2
 would 

mean that most of the variation in that one covariate can be explained by the other 

covariates. The higher the R
2
 value for a covariate, the higher the VIF value, and thus high 

VIF values indicates collinearity. Typically covariates with the highest VIF values, or VIF > 3  

are removed from the analysis (Zuur et al., 2010, Zuur et al., 2007). Variance inflation factors 

can be calculated in R 2.15.0 using the corvif function in the AED package (Zuur, 2010). 
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Appendix 1. 4: Non-metric multi-dimensional scaling  

 

Non-metric multidimensional scaling (nMDS) is a multivariate analysis method that is 

used to visualize patterns or ‘groupings’ in biological communities using ordination plots. In 

addition it is possible to explain the distribution of species or sites in nMDS ordination plots 

by overlaying environmental information pertaining to each site on ordination diagrams. 

This is commonly performed by fitting environmental vectors (arrows) onto the ordination 

diagram(Oksanen et al., 2008). The environmental vectors are derived directly from the 

environmental data collected from each study site (beach) and they are superimposed onto 

the nMDS plots according to their correlation with sites and species within the ordination 

plot (Oksanen et al., 2008). Furthermore, the Bioenv procedure (Clarke and Ainsworth, 1993) 

can then be used to test which environmental variables (or combination of) best explain the 

multivariate community structure. Combining nMDS plots with environmental information 

‘vectors’ allows thus one to elucidate habitat preferences of species, or environmental 

drivers behind community composition.  

 

Non-metric multidimensional scaling ordination plots are constructed from 

dissimilarity matrices, which contain dissimilarly indices for each site (beach). Dissimilarity 

indices are used to quantify how different sites are according to their species composition, 

and are represented by multivariate distance (how far objects are in multidimensional 

space). Dissimilarity indices or ‘distances’ are calculated for every possible pair of sites in a 

dataset. There are a number of dissimilarity indices, one of which is Bray-Curtis dissimilarity, 

which is commonly used for species abundance data. 

 

The Bray-Curtis dissimilarity between two sites is calculated as one minus twice the 

sum of the lesser value of each species when it is greater than zero in the two sites, 

standardized by the sum of the values of all species in each site (Beals, 1984, Quinn and 

Keough, 2002).  If two sites are identical in terms of species composition then their Bray-

Curtis distance is zero, and if two sites are different then their distance is larger than zero. 

Sites which have a completely different suite of species have a Bray-Curtis distance of one. 

Dissimilarities between objects are usually represented by a dissimilarity matrix, in which 

data with n rows (sites) and p columns (species) is converted into a dissimilarity matrix with 
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n rows and n columns(Quinn and Keough, 2002). The diagonal of the matrix is populated 

with zeros (because the same sites are identical), and the cells above and below the diagonal 

are reflections of each other. These dissimilarities (or ‘distances’) between sites are used to 

generate nMDS ordination plots for visual assessment of the grouping of sites and species.  

   

Ideally the distances between sites in dissimilarity matrices should be retained when 

representing data in ordination diagrams. However, it is often impossible to represent the 

multi-dimensional matrix distances between all sites/species in the two dimensional space 

of ordination plots. As such, distances between sites and species may be distorted in 

ordination plots to allow all points to be represented. ‘Stress’ values are calculated for each 

nMDS plot and these represent how well an ordination configuration represents the original 

dissimilarity matrix (Clarke and Warwick, 1994). Stress is thus a measure of the goodness of 

fit of the ordination diagram to the dissimilarity (distance) matrix. The stress represents the 

difference between the original distance in the dissimilarity matrix and the resulting distance 

after points have been plotted in ordination plots (Clarke and Warwick, 1994). A stress value 

of zero indicates perfect fit, i.e. no diversion from the distance between sites in the 

dissimilarity matrix and ordination plots. Plots with stress values <0.1 are considered to 

reflect a good representation of dissimilarities between sites. Stress values close to 0.2 

indicate poor fit, and ordination plots should be interpreted with caution (Clarke and 

Warwick, 1994). In general, longer distances on ordination plots tend to be more accurate 

than shorter distances, which will suffer greater distortion in distances (Clarke and Warwick, 

1994).  

 

Bioenv procedure: The theory behind the Bioenv procedure is that sites with similar 

physico-chemical composition are expected to have similar species composition(Clarke and 

Ainsworth, 1993). As such, an ordination plot based on (dis)similarities in physico-chemical 

data should closely resemble an ordination plot based on (dis)similarities species data (there 

should be similar clustering of sites). The correlation between matrices for physico-chemical 

data (abiotic data) and species assemblages (biotic data) can be computed using rank 

correlation coefficient (Spearman). The steps for the Bioenv procedure are as follows, as 

described by Clarke and Ainsworth (1993): 
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 1) Triangular biotic and abiotic matrices are constructed separately using Bray-Curtis 

and Eucladian distances respectively. 2) The biotic matrix is only constructed once, but the 

matrix for abiotic data is constructed many times for all combinations of environmental 

variables, at increasing levels of complexity for combinations of variables. For example, 

matrices are constructed based on Eucladian distances (differences) between sites for each 

of the environmental variables independently, then for every combination of 2,3, 4…n 

environmental variables. 3) The weighted Spearman rank correlation coefficient (pw) is 

calculated between biotic and abiotic matrices in each case. The highest coefficient for biotic 

and abiotic matrices is tabulated at each level of variable complexity (e.g. for 2,3,4…n 

variable combinations). Correlations between environmental and biotic matrices will 

typically increase up to a point as variables are added, and then they will deteriorate. This 

means that the optimum combination of environmental variables for correlation to biotic 

data can be identified, such that the Eucladian distances of environmental variables have the 

maximum correlation with the biotic community dissimilarity matrix. 

 

Appendix 1. 5: Explanation of Random intercept versus random intercept and slope 

LME models.  

 

The optimal models for macrofauna abundance, biomass and diversity in Chapter 3 all 

included a random intercept and slope component with an interaction between shore level 

and beach (random=~1+Shore|Beach). This means that the relationship (or slope) between 

the response variables (biomass, abundance or diversity) varies between each shore level for 

each beach. In other words, it allows for random variation in the slopes between shore levels 

within beaches. Because shore level is a categorical variable the variation in ‘slope’ refers to 

the magnitude of change between the mean response (e.g. biomass values) at one shore 

level compared to the next. This is a difficult concept to grasp for categorical explanatory 

variables and is best visualized graphically (Figure A1. 2 and Figure A1. 3).  
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Figure A1. 2: Stripplot showing log10Biomass (g.m
-2

) values for sediment macrofauna at 

three shore levels on eight beaches. The lines between shore levels connect the mean 

biomass values for each beach at that shore level. ‘high wrack’ = BOR, PEN, HG and AM 

and ‘low wrack’ beaches = MOD, CB, TH and PS.  

 

 

Figure A1. 3: Stripplot showing log10Abundance (ind.m
-2

) values for sediment macrofauna 

at three shore levels on eight beaches. The lines between shore levels connect the mean 

biomass values for each beach at that shore level. ‘high wrack’ = BOR, PEN, HG and AM 

and ‘low wrack’ beaches = MOD, CB, TH and PS. 
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As can be seen in Figure A1. 2 the difference in mean biomass values for each shore level 

varies in magnitude (or ‘slope’) within each beach. Beaches with ‘high wrack’ cover show a 

much greater difference (or steeper ‘slopes’) in mean biomass values between shore levels, 

when compared to beaches with ‘low wrack’ cover. Hence the need for incorporating 

random variation of ‘slopes’ for shore levels in the model.  For biomass values this random 

variation in slopes between mean low water (MLW) and mid tide level (MTL) is 0.435
2
, and 

between MTL and high water springs (HWS) = 0.61
2
. Note: The variation for slopes is 

calculated by multiplying the residual variation for the model by the variance covariance 

function for each shore level.  

 

Appendix 1. 6: Interpretation linear models containing log transformed variables: 

 

Laws of logarithms: The following laws of logarithms are used for the interpretation of 

models that contained log transformed variables. Laws were obtained from Croft and 

Davison (2004).  

 

Log A – log B = log(A/B) 

Log A + log B = log (A*B) 

If N = 10
x
 then x = log10N 

 N log A = log A
N
 

10^log10A = A 

 

Interpreting percentage change in variables: 

 

If X2/X1
 
= 1.10 this corresponds to a 1.10-fold increase in X1 to X2 

A 1.10 fold increase in X is equivalent to a 10% increase in X. 

 

To calculate percentage change from a ratio (e.g. X2/X1), subtract one from the ratio, and 

divide by 0.01. For example a 1.8-fold increase in X is equivalent to a (1.8-1)/0.01 = 80% 

increase in X. A 2.5-fold increase is equal to a (2.5-1)/0.01 = 150% increase in X.  

 

Example for interpreting slopes (effects size) for linear models with log transformations: 
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Model with log10 transformed response only: 

 

Log10 (Abundance) =  α + β1 x Drifting macroalgae  

 

Where the slope, β1 = 0.04 (95% CI: 0.015 – 0.08) 

 

What is the expected change in abundance values with respect to a set increase in 

macroalgal volume? First take two values for drifting macroalgae, a starting value (M1) and 

an ‘ending’ value (M2): 

 

log10(Abund.)(M2)  -   log10(Abund.)(M1)  = β(Macroalgae(M2) – Macroalgae(M1)) 

 

This is simplified as:  

log10 ((Abund)(M2)  / (Abund)(M1) )  = β(Macroalgae(M2) – Macroalgae(M1)) 

(Abund)(M2)  / (Abund)(M1)     = 10^( β(Macroalgae(M2) – Macroalgae(M1))) 

 

For a one unit change in macroalgae volume:   

(Abund)(M2)  / (Abund)(M1)     = 10^(0.04 x 1) = 1.10 

 

A 1 unit increase in the volume of drifting macroalgae translates into a 1.1-fold increase in 

abundance. Percentage change is calculated as follows: (1.1-1)/0.01 = 10%. A one unit 

change in macroalgal wrack results in a 10 % increase in the abundance of hyperbenthic 

fauna. 
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Model with log10 transformed response and log10transformed explanatory variable: 

 

log10 (Abundance) =  α + β1 x log10POC  

 

What is the expected change in abundance values with respect to a set increase in POC 

concentration? First take two values for POC, a starting value (M1) and an ‘ending’ value 

(M2): 

 

log10(Abund)(M2)  -   log10(Abund)(M1)  = β(log10POC(M2) – log10POC(M1)) 

log10 ((Abund)(M2)  / (Abund)(M1))  = β(log10 (POC(M2)/POC(M1))) 

log10 ((Abund)(M2)  / (Abund)(M1))  = log10 ( (POC(M2)/POC(M1))^ β) 

(Abund)(M2)  / (Abund)(M1))   = 10^ log10 ( (POC(M2)/POC(M1))^ β) 

     = (POC(M2)/POC(M1))^ β 

 

What is the predicted change in abundance values with a 1.10 fold increase (10% increase) in 

POC concentration, given the slope β = 1.68? 

 

Abund)(M2)  / (Abund)(M1))   = 1.10^1.68  

= 1.17 

A 1.10 fold increase in POC leads to a 1.17-fold increase in abundance values OR a 10% 

increase in POC values is associated with a (1.17 – 1)/0.01 = 17% increase in abundance 

values.   

 



Appendix 2 

 

264 

 

 

 

 

 

 

 

 

 

 

 

Appendix 2: Auxiliary data



 

 

 

  Appendix 2: Auxiliary data for Chapter 2 

 

265 

 

Appendix 2. 1: Abundance of birds (ind.300 m
-1

) recorded ± 2 hours either side of low tide on three beaches over one year, at six week sampling 

intervals.  BOR = Burnish, PEN = Peninerine, HG = Hougharry 

Date Beach Oyster 

catcher 

Dunlin Ringed 

plover 

Sanderling Turnstone Purple 

sandpiper 

Redshank Curlew Bar-tailed 

godwit 

Golden 

Plover 

Lapwing Gulls Total 

Waders 

Total 

Birds 

06/08/2010 BOR 4 0 0 0 0 0 0 0 0 0 0 20 4 24 

06/08/2010 PEN 25 0 3 3 0 0 0 0 0 0 0 56 31 87 

06/08/2010 HG 0 43 24 7 19 0 2 0 0 0 0 17 98 112 

                

21/09/2010 BOR 23 1 1 1 0 0 0 0 0 0 0 138 26 164 

21/09/2010 PEN 11 15 8 30 5 0 0 0 4 0 0 0 73 73 

21/09/2010 HG 2 0 1 6 13 0 0 0 0 0 0 2 22 24 

                

01/11/2010 BOR 5 0 0 0 0 0 0 1 0 0 0 2 6 8 

01/11/2010 PEN 30 4 44 2 0 1 5 2 2 0 0 1 90 91 

01/11/2010 HG 0 12 38 63 3 20 8 0 0 0 0 17 144 161 

                

15/12/2010 BOR 32 11 5 51 28 8 4 0 0 4 4 10 147 157 

15/12/2010 PEN 40 13 38 17 0 25 30 1 0 4 18 8 186 194 

15/12/2010 HG 9 31 26 133 10 7 1 0 4 22 9 22 252 274 

                

14/02/2011 BOR 34 20 19 0 0 0 0 0 0 0 0 0 73 73 

14/02/2011 PEN 79 20 0 115 20 100 0 0 1 0 0 30 335 365 

14/02/2011 HG 62 0 0 0 4 0 0 0 0 0 0 25 66 91 

                

11/03/2011 BOR 70 31 16 0 80 67 0 1 31 1 0 34 297 331 

11/03/2011 PEN 82 30 45 10 50 100 3 1 3 0 0 35 324 359 

11/03/2011 HG 35 0 15 0 2 5 27 1 0 1 0 1 86 87 
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Appendix 2. 1: Abundance of birds (ind.300 m
-1

) recorded ± 2 hours either side of low tide on three beaches over one year, at six week sampling 

intervals.  BOR = Burnish, PEN = Peninerine, HG = Hougharry 

Date Beach Oyster 

catcher 

Dunlin Ringed 

plover 

Sanderling Turnstone Purple 

sandpiper 

Redshank Curlew Bar-tailed 

godwit 

Golden 

Plover 

Lapwing Gulls Total 

Waders 

Total 

Birds 

01/05/2011 BOR 7 45 7 0 0 0 0 10 0 0 0 108 69 177 

01/05/2011 PEN 17 80 24 130 2 0 0 0 0 0 0 22 253 275 

01/05/2011 HG 7 118 81 28 32 0 0 0 0 0 0 1 266 267 

                

11/06/2011 BOR 7 0 1 0 0 0 0 0 0 0 0 61 8 69 

11/06/2011 PEN 11 0 2 0 0 0 0 0 0 0 0 38 13 51 

11/06/2011 HG 17 30 14 15 19 0 0 0 0 0 0 8 95 103 

                

27/07/2011 BOR 13 12 29 3 2 0 3 0 21 0 3 186 86 272 

27/07/2011 PEN 11 6 18 2 0 0 0 0 0 0 0 87 37 124 

27/07/2011 HG 15 19 22 0 1 0 2 0 0 0 0 3 59 62 
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Appendix 2. 2: Mean biomass of benthic infauna (g.m
-2

) found at mean low water (MLW), on three beaches during four months.  

Date September 2010 December 2010 March 2011 June 2011 

Beach BOR PEN HG BOR PEN HG BOR PEN HG BOR PEN HG 

Polychaetes habitat area (m
2
) 3827 5250 5152 3827 5250 5152 3827 5250 5152 3827 5250 5152 

Taxon             

Scolelepis squamata - - - - - - 0.100 - - - - - 

Malacoceros fuliginosus 214.7 115.8 301.7 30.20 89.90 246.5 164.2 225.6 307.3 231.3 394.0 478.1 

Eteone sp. - - - - 1.400 - 0.200 - - - - - 

Arenicola marina - 25.60 - - - - - - - - 4.700 - 

Capitella capitata 100.3 276.9 109.4 0.400 53.10 114.0 21.40 71.20 49.50 13.90 188.4 63.70 

Enchytraeidae 0.300 - - 0.500 - 0.800 0.900 0.100 0.100 - - - 

Tubificidae - 0.100 3.200 - - - - 0.200 - - - - 

Total Biomass (g.m
-2

) 315.3 418.4 414.3 31.1 144.4 361.3 186.8 297.1 356.9 245.2 587.1 541.8 
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Appendix 2. 3: Mean abundance of benthic infauna (ind.m
-2

) x 10
3
 found at mean low water (MLW), on three beaches during four months. 

 September 2010 December 2010 March 2011 June 2011 

Beach BOR PEN HG BOR PEN HG BOR PEN HG BOR PEN HG 

Polychaetes habitat area (m
2
) 3827 5250 5152 3827 5250 5152 3827 5250 5152 3827 5250 5152 

Taxon             

Scolelepis squamata - - - - - - 0.006 - - - - - 

Malacoceros fuliginosus 28.78 4.83 31.18 3.19 6.13 11.91 5.58 6.03 10.99 9.39 10.38 14.26 

Eteone sp. - - - - 0.13 - 0.02 - - - - - 

Arenicola marina - 0.14 - - - - - - - - 0.08 - 

Capitella capitata 12.78 26.94 33.05 0.12 14.93 10.48 1.61 8.75 5.03 0.88 16.99 6.12 

Enchytraeidae - - - 0.57 0.06 0.95 0.53 0.07 0.05 - - - 

Tubificidae 0.03 0.06 1.36 - - - - 0.19 - - - - 

Total Biomass (g.m
-2

) 41.59 31.97 65.59 3.87 21.24 23.34 7.75 15.04 16.06 10.27 27.46 20.37 
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Appendix 2. 4: Mean biomass (g.m
-2

) of fauna found within newly deposited wrack banks, on three beaches, over four seasons 

 Month/season September-2010 December 2010 March 2011 June 2011 

 Beach BOR PEN HG BOR PEN HG BOR PEN HG BOR PEN HG 

Taxon group Lowest identification 

Oligochaete Enchytraeidae 12.02 0.65 61.01 34.63 0.40 1168.66 0.36 71.76 84.41 37.43 825.13 282.22 

Talitrid amphipod Orchestia gammarellus - 0.50 - - - - - - - - - - 

Diptera Larvae Thoracochaeta zostera 
- - - - - 0.09 - - 0.37 - - - 

 Pupae Thoracochaeta zostera - - 0.19 - - - - - - - - - 

 Adult Thoracochaeta zostera - - 0.03 0.69 - - - 0.02 1.31 - - 1.01 

 Larvae Coelopa pilipes + C. frigida 0.91 - 474.56 1.79 - 307.33 0.41 8.41 573.87 0.95 - 757.11 

 Pupae Coelopa pilipes + C. frigida - - 46.78 - - 110.06 - - 6.06 - - 7.30 

 Adult Coelopa pilipes + C. frigida - - 0.94 11.18 - 1.55 0.44 25.63 40.61 0.95 - 1.06 

 Adult Orygma luctuosum - - - - - - - - 0.21 - - - 

 Adult Hydrophorus oceanus 0.01 - - - - - - - - - - - 

Carnivorous beetle Cafius xantholoma - - 0.98 - - - - - - - - - 

 Omalium spp.  - - - 0.13 - - - - - - - - 

  Total Biomass (g.m
-2

) 12.94 1.16 584.49 48.42 0.40 1587.69 1.22 105.82 706.85 39.32 825.13 1048.70 
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Appendix 2. 5: Mean abundance (ind.m
-2

) x 10
-3

 of fauna found within newly deposited wrack banks, on three beaches, over four seasons 

 Month/season September 2010 December 2010 March 2011 June 2011 

 Beach BOR PEN HG BOR PEN HG BOR PEN HG BOR PEN HG 

Taxon group Lowest identification             

Oligochaete Enchytraeidae 12.12 0.74 94.49 22.53 0.30 555.15 0.22 48.62 55.32 7.55 550.57 98.29 

Talitrid amphipod Orchestia gammarellus - 0.10 - - - - - - - - - - 

Diptera Larvae Thoracochaeta zostera - - - - - 0.06 - - 0.44 - - - 

 Pupae Thoracochaeta zostera - - 0.06 - - - - - - - - - 

 Adult Thoracochaeta zostera - - 0.03 0.88 - - - 0.01 1.18 - - 1.43 

 Larvae Coelopa pilipes + C. frigida 0.15 - 20.77 0.06 - 12.62 0.03 0.41 23.10 0.11 - 36.58 

 Pupae Coelopa pilipes + C. frigida - - 2.64 - - 5.90 - - 0.44 - - 0.22 

 Adult Coelopa pilipes + C. frigida - - 0.33 0.83 - 0.17 0.03 2.01 4.33 0.11 - 0.17 

 Adult Orygma luctuosum - - - - - - - - 0.03 - - - 

 Adult Hydrophorus oceanus 0.03 - - - - - - - - - - - 

Carnivorous beetle Cafius xantholoma - - 0.11 - - - - - - - - - 

 Omalium spp.  - - - 0.06 - - - - - - - - 

  Total abundance (ind.m
-2

) 12.30 0.84 118.43 24.35 0.30 573.88 0.28 51.06 84.83 7.77 550.57 136.69 
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Appendix 2. 6:  Mean biomass (g.m
-2

) of fauna found within old wrack banks, on three beaches, over four seasons 
 Month/season September-2010 December 2010 March 2011 June 2011 

 Beach BOR PEN HG BOR PEN HG BOR PEN HG BOR PEN HG 

Taxon group Lowest identification             

Oligochaete Enchytraeidae 1210.1 288.0 231.8 674.5 145.7 772.4 286.7 803.3 762.0 400.6 370.6 133.0 

Talitrid amphipod Orchestia gammarellus 15.2 69.8 - 70.0 35.2 - - 342.1 - - 8.7 - 

Diptera Larvae Thoracochaeta zostera 2.9 - - 1.2 - 4.7 192.1 97.3 4.2 11.3 5.0 12.4 

 Pupae Thoracochaeta zostera 54.7 23.2 2.0 7.8 0.4 43.2 - 38.0 18.9 0.3 0.7 3.6 

 Adult Thoracochaeta zostera - - - 0.1 0.2 1.8 - 1.1 0.5 - 0.4 - 

 Larvae Coelopa pilipes + C. frigida - - 1.0 15.9 153.3 243.0 5316.3 2409.4 1231.5 485.0 733.6 699.9 

 Pupae Coelopa pilipes + C. frigida 115.2 55.0 39.6 27.7 - 73.9 - 165.2 472.6 13.0 20.2 29.0 

 Adult Coelopa pilipes + C. frigida - 0.7 - 7.2 5.1 22.2 - 110.7 32.9 4.0 7.4 1.6 

 Larvae Orygma luctuosum 14.2 - 2.1 16.5 - 85.7 156.9 17.2 21.9 - 8.1 11.0 

 Pupae Orygma luctuosum - 2.7 4.0 13.2 - - - - 0.9 0.7 - 10.4 

 Adult Orygma luctuosum - - - - - - - - 6.0 - - - 

 Larvae Fucellia maritima - - - - - - - - - - 1.8 - 

 Pupae Fucellia maritima 25.6 - - 2.2 - - - - - - - - 

 Larvae Hydrophorus oceanus 2.3 0.9 3.7 2.0 - - - - - - - - 

 Larvae Eristalinus aeneus 6.9 - - - - - - - - - - - 

Omnivorous beetle Larvae Cercyon Littoralis + C. depressus  1.8 0.8 1.6 2.2 - 0.0 - - 0.0 - - 0.7 

 Pupae Cercyon Littoralis + C. depressus  0.2 2.6 - 0.6 - - - - - - - - 

 Adult Cercyon Littoralis + C. depressus  4.1 8.7 0.5 6.7 - 0.3 0.7 7.2 15.1 - 0.4 3.0 

Carnivorous beetle Atheta (Thinobaena) spp. 0.2 - - 8.0 - - - 1.2 0.4 - - - 

 Cafius xantholoma - 3.8 0.8 41.7 0.5 - 1.9 51.5 5.5 0.1 2.5 2.6 

 Omalium spp.  - - - 1.4 - 0.3 - 1.5 0.1 - 0.1 0.2 

 Staphylinidae larvae 18.0 3.7 38.6 9.4 - 3.1 - 3.0 10.7 - - 3.1 

 Total Biomass (g.m
-2

) 1471.4 459.9 325.8 908.2 340.3 1250.6 5954.7 4048.7 2583.3 915.1 1159.6 910.3 
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Appendix 2. 7: Mean abundance (ind.m
-2

) x 10
-3

 of fauna found within old wrack banks, on three beaches, over four seasons 
 Month/season September 2010 December 2010 March 2011 June 2011 

 Beach BOR PEN HG BOR PEN HG BOR PEN HG BOR PEN HG 

Taxon/group Lowest identification             

Oligochaete Enchytraeidae 1225.2 254.5 254.5 710.1 119.9 511.5 118.6 414.1 424.0 145.7 289.7 96.6 

Talitrid amphipod Orchestia gammarellus 3.8 17.5 17.5 4.4 2.4 - - 9.9 - - 0.2 - 

Diptera Larvae Thoracochaeta zostera 3.5 - - 1.0 - 2.6 137.4 72.4 2.8 10.6 4.0 9.5 

 Pupae Thoracochaeta zostera 46.2 28.5 28.5 6.3 0.5 27.4 - 21.1 12.8 0.3 0.6 3.3 

 Adult Thoracochaeta zostera - - - 0.2 0.3 2.0 - 1.0 0.5 - 0.3 - 

 Larvae Coelopa pilipes + C. frigida - - - 0.6 20.1 12.2 232.7 140.1 62.3 68.3 80.0 39.4 

 Pupae Coelopa pilipes + C. frigida 9.2 4.5 4.5 1.8 - 3.2 - 8.3 26.3 0.5 0.7 1.9 

 Adult Coelopa pilipes + C. frigida - 0.1 0.1 0.6 0.8 2.3 - 18.2 3.3 0.4 0.8 0.2 

 Larvae Orygma luctuosum 0.4 - - 0.4 - 2.3 3.5 0.9 0.3 - 0.3 0.3 

 Pupae Orygma luctuosum - 0.1 0.1 0.4 - - - - 0.1 0.1 - 0.4 

 Adult Orygma luctuosum - - - - - - - - 0.2 - - - 

 Larvae Fucellia maritima - - - - - - - - - - 0.1 - 

 Pupae Fucellia maritima 3.3 - - 0.2 - - - - - - - - 

 Larvae Hydrophorus oceanus 1.7 1.9 1.9 5.2 - - - - - - - - 

 Larvae Eristalinus aeneus 0.1 - - - - - - - - - - - 

Omnivorous beetle 
Larvae Cercyon Littoralis + C. depressus  0.8 0.8 0.8 0.7 - 0.1 - - 0.1 - - 0.4 

Pupae Cercyon Littoralis + C. depressus  0.3 1.3 1.3 0.2 - - - - - - - - 

 Adult Cercyon Littoralis + C. depressus  1.1 5.9 5.9 2.7 - 0.2 0.2 3.7 5.7 - 0.2 1.1 

Carnivorous beetle 
Atheta (Thinobaena) spp. 0.1 - - 5.2 - - - 0.6 0.1 - - - 

Cafius xantholoma - 0.4 0.4 4.2 0.0 - 0.2 5.3 0.7 0.1 0.3 0.3 

 Omalium spp.  - - - 0.7 - 0.2 - 0.7 0.1 - 0.1 0.1 

 Staphylinidae larvae 0.8 0.9 0.9 4.5 - 0.4 - 0.6 1.6 - - 0.4 

  Total abundance (ind.m
-2

) 1296.6 316.5 316.5 749.4 143.9 564.3 492.7 696.9 540.9 226.0 377.1 154.0 
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Appendix 2. 8: Total surface area of old wrack deposits and newly deposited wrack estimated to be covering each beach (n=3) during four seasons*. 

Estimates were taken at the time of sampling wrack macrofauna, and were used to estimate total biomass of wrack macroinvertebrates found across 

the whole beach for Chapter 6 (not just in g.m
-2 

wrack) 

 Month/season September-2010 December 2010 March 2011 June 2011 

 Beach BOR PEN HG BOR PEN HG BOR PEN HG BOR PEN HG 

 Area of old wrack on beach (m
-2

) 1950.0 91.5 1200.0 632.1 16.9 160.6 208.5 565.5 832.7 5901.6 1469.1 3488.4 

 Area of new wrack on beach  

(m
-2

) 

12300 12795 5166 4098.3 971.75 908.37 6747 2788 1979.3 9627.6 1481.88 375.3 

 

 

*The area of ‘old’ and ‘newly’ deposited wrack habitats was estimated by measuring the length and the width of each deposit. The deposits formed 

a continuous band along the beach, so only one length measurement was necessary. The width of the deposits varied across the beaches so five width 

measurements were taken at approximately equal intervals along the length of the deposits. The mean width was multiplied by the length to obtain and 

estimate of the metre square surface area of ‘old’ and ‘new’ wrack deposits. 
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Auxiliary data Chapter 3  

 

Appendix 2. 9: Mean and standard deviation of wrack biomass on beaches with ‘high’ loads of wrack and ‘low’ loads of wrack 

Beach Average (kg.m
-2

) Std. dev. (kg.m
-2

) 

‘High wrack’   

Bornish 50.13 6.09 

Peninerine 27.45 13.72 

Aird a Machair 32.31 12.75 

Hougharry 14.81 4.51 

Total Biomass 31.17 15.19 

‘Low wrack’    

MOD 2.76 0.60 

Culla Bay 2.62 0.28 

Port Scolpaig 2.76 0.60 

Traigh Hornais 0.11 0.10 

Total Biomass 2.06 1.23 
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Appendix 2. 10: Mean abundance and biomass of benthic infauna recoded on ‘low wrack’ beaches (n=4), Data for Chapter 3. 

Shore level Class/Order Lowest taxonomic level Abundance (ind.m
-2

) Biomass (wet mass g.m
-2

) 

Mean Polychaeta Scolelepis squamata 26 3.824 

Low Eteone sp. 4 0.072 

Water Phyllodoce maculata 1 0.002 

Nephytus caeca 1 0.061 

Nephytus cirrosa 1 0.432 

Nephytus spp. 1 0.100 

Nereimya spp. 1 0.001 

Arenicola marina 5 2.479 

Ophelia rathkei 1 0.003 

Capitella capitata 6 0.032 

Orbiniidae 1 0.745 

Dorvillea rubrovittata 1 0.001 

Oligochaetae Tubificidae 6 0.052 

Amphipoda Bathyporeia spp. 5 0.008 

Perioculodes longimanus 5 0.004 

Pontocrates spp. 16 0.019 

Oedicerotidae spp.  7 0.021 

Eurydice pulchra 12 0.068 

Schistomysis spiritus 5 0.019 

Bivalvia Gari spp.  1 0.073 

Nematoda Nematoda 1 0.001 

Mid Polychaeta Scolelepis squamata 35 0.129 

Tide Malacoceros fuliginosus 13 0.060 

Level Eteone sp. 35 0.034 

Glycera spp. 4 0.070 
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Appendix 2. 10: Mean abundance and biomass of benthic infauna recoded on ‘low wrack’ beaches (n=4), Data for Chapter 3. 

Shore level Class/Order Lowest taxonomic level Abundance (ind.m
-2

) Biomass (wet mass g.m
-2

) 

Capitella capitata 79 0.108 

Mid  Oligochaetae Enchytraeidae 140 0.039 

Tide  Tubificidae 13 0.004 

Level Amphipoda Bathyporeia spp. 2653 0.562 

Perioculodes longimanus 9 0.001 

Pontocrates spp. 4 <0.001 

Eurydice pulchra 583 0.551 

High Oligochaetae Enchytraeidae 1048 2.426 

Water Amphipoda Talitrus sultator 129 5.400 

Springs Talorchestia deshayesii 309 2.815 

Diptera Thoracochaeta zostera 17 0.024 

Coelopa pilipes + Coelopa frigida 135 0.730 

Orygma luctuosum 20 0.095 

Fucellia maritima 5 0.027 

Hydrophorus oceanus 9 0.020 

Scaptomyza graminum 1 0.001 

Helcomyza ustulata 2 0.075 

Coleoptera Cercyon littoralis + depressus  29 0.069 

Atheta (Thinobaena) spp. 15 0.019 

Omalium spp.  12 0.014 

TOTAL 5406 21.290 
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Appendix 2. 11: Mean abundance and biomass of benthic infauna recoded on ‘high wrack’ beaches (n=4), Data for Chapter 3 

Shore level Class/Order Lowest taxonomic level Abundance (ind.m
-2

) Biomass (wet mass g.m
-2

) 

Mean Polychaeta Scolelepis squamata 1 0.021 

Low Malacoceros fuliginosus 7147 240.088 

Water Eteone sp. 17 0.288 

Glycera spp. 1 0.243 

Nereis spp. 1 0.001 

Arenicola marina 3 0.948 

Capitella capitata 5054 45.974 

Oligochaetae Enchytraeidae 199 0.276 

Tubificidae 47 0.038 

Crustacea Bathyporeia spp. 2 0.004 

TOTAL 12472 287.882 

Mid Polychaeta Malacoceros fuliginosus 69 0.868 

Tide Capitella capitata 211 1.923 

Level Oligochaetae Enchytraeidae 128 0.315 

Crustacea Bathyporeia spp. 1 0.001 

Diptera Coelopa pilipes + C. frigida 7 0.065 

TOTAL 416 3 

High  Oligochaetae Enchytraeidae 9632 27.222 

Water Crustacea Orchestia gammarellus 80 2.234 

Springs Diptera Thoracochaeta zostera 40 0.062 

Coelopa pilipes + C. frigida 212 3.412 

Orygma luctuosum 1 0.021 

Coleoptera Cercyon littoralis + depressus  6 0.014 

Cafius xantholoma 1 0.006 

Omalium spp.  4 0.012 

Staphylinidae larvae 7 0.049 

TOTAL 35759 614.96 
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Appendix 2. 12: Mean biomass (wet mass g.m
-2

) of benthic infauna found at three different shore levels (MLW = mean low water, MTL = mid tide level, 

HWS = high water springs) on four beaches with ‘high’ accumulations of macroalgal wrack.  

Beach Peninerine Bornish Hougharry Aird a Machair 

Lowest taxonomic order MLW MTL HWS MLW MTL HWS MLW MTL HWS MLW MTL HWS Ave. % Comp. 

Polychaeta 
Scolelepis squamata - - - 0.08 - - - - - - - - 0.08 0.05 
Malacoceros fuliginosus 225.60 37.60 - 164.22 2.19 - 368.76 0.01 - 201.77 1.27 - 125.18 70.87 

Eteone sp. - - - 0.09 - - - - - 1.06 0.06 - 0.41 0.23 
Glycera spp. - - - - - - - - - 0.97 - - 0.97 0.55 
Nereis spp. - - - - - - - - - 0.00 - - 0.00 0.00 
Arenicola marina - - - - - - - - - 3.79 - - 3.79 2.15 

Capitella capitata 71.23 11.88 - 21.36 0.04 - 59.43 1.59 - 31.88 6.05 - 25.43 14.40 
Oligochaetae  
Enchytraeidae 0.11 0.14 64.46 0.87 0.15 3.97 0.07 0.33 35.35 0.05 0.64 5.12 9.27 5.25 
Tubificidae 0.15 0.03 - - - - - - - - - - 0.09 0.05 
Gammaridea 
Bathyporeia spp. - - - - - - - - - 0.02 0.00 - 0.01 0.01 
Talitridae 

Orchestia gammarellus - - 8.94 - - - - - - - - - 8.94 5.06 
Diptera 
Thoracochaeta zostera - - - - - - - - - - - 0.25 0.25 0.14 

Coelopa pilipes + C. frigida 0.56 0.09 3.30 - - 0.14 - 0.01 0.23 - 0.25 9.97 1.82 1.03 
Orygma luctuosum - - - - - - - - - - - 0.08 0.08 0.05 
Coleoptera 
Cercyon Littoralis + depressus  - - 0.06 - - - - - - - - - 0.06 0.03 

Cafius xantholoma - - 0.03 - - - - - - - - - 0.03 0.01 
Omalium spp.  - - 0.04 - - - - - - - - 0.00 0.02 0.01 
Staphylinidae larvae - - 0.20 - - - - - - - - - 0.20 0.11 

Total 297.65 49.74 77.02 186.62 2.38 4.11 428.26 1.94 35.57 239.56 8.28 15.42 176.63 100.00 
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Appendix 2. 13: Mean biomass (wet mass g.m
-2

) of benthic infauna found at three different shore levels (MLW = mean low water, MTL = mid tide level, 

HWS = high water springs) on four beaches with ‘low’ accumulations of macroalgal wrack. 

Beach Port Scolpaig Traigh Hornais Culla Bay MOD 

Lowest taxonomic order MLW MTL HWS MLW MTL HWS MLW MTL HWS MLW MTL HWS Ave. % comp. 

Polychaeta 

Scolelepis squamata 12.90 0.18 - 1.40 0.04 - 1.00 0.28 - 0.00 0.02 - 1.32 17.90 

Malacoceros fuliginosus - - - - - - - 0.24 - - - - 0.02 0.27 

Eteone sp. 0.25 - - - - - - - - 0.03 0.13 - 0.04 0.48 

Phyllodoce maculata - - - - - - 0.01 - - - - - 0.00 0.01 

Nephytus caeca - - - 0.24 - - - - - - - - 0.02 0.28 

Nephytus cirrosa - - - - - - - - - 1.73 - - 0.14 1.96 

Nephytus spp. - - - - - - 0.40 - - - - - 0.03 0.45 

Nereimya spp. - - - - - - 0.00 - - - - - 0.00 0.00 

Glycera spp. - - - - - - - - - - 0.28 - 0.02 0.32 

Arenicola marina 4.12 - - - - - - - - 5.80 - - 0.83 11.22 

Ophelia rathkei 0.01 - - - - - - - - - - - 0.00 0.01 

Capitella capitata - 0.00 - - - - 0.13 0.21 - - 0.22 - 0.05 0.63 

Orbiniidae - - - 0.06 - - 2.92 - - - - - 0.25 3.37 

Dorvillea rubrovittata - - - 0.00 - - - - - - - - 0.00 0.00 

Oligochaetae - - - - - - - - - - - - - - 

Enchytraeidae - 0.03 4.03 - 0.03 0.24 - 0.06 4.80 - 0.03 0.64 0.82 11.16 

Tubificidae - - - 0.19 - - 0.02 - - - 0.01 - 0.02 0.25 

Gammaridae - - - - - - - - - - - - - - 

Bathyporeia spp. - 0.01 - 0.02 0.06 - - - - 0.01 2.18 - 0.19 2.58 

Perioculodes longimanus - - - 0.01 0.01 - - - - - - - 0.00 0.02 

Pontocrates spp. - - - - - - - - - 0.08 0.00 - 0.01 0.09 

Oedicerotidae spp.  - - - - - - 0.08 - - - - - 0.01 0.09 
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Appendix 2. 13: Mean biomass (wet mass g.m
-2

) of benthic infauna found at three different shore levels (MLW = mean low water, MTL = mid tide level, 

HWS = high water springs) on four beaches with ‘low’ accumulations of macroalgal wrack. 

Talitridae - - - - - - - - - - - - - - 

Talitrus sultator - - 4.67 - - 10.53 - - 6.40 - - - 1.80 24.45 

Talorchestia deshayesii - - 0.67 - - 7.59 - - 2.90 - - 0.09 0.94 12.75 

Isopoda - - - - - - - - - - - - - - 

Eurydice pulchara - 0.02 - 0.07 1.78 - 0.20 0.39 - - 0.01 - 0.21 2.80 

Mysidae - - - - - - - - - - - - - - 

Schistomysis spiritus - - - 0.08 - - - - - - - - 0.01 0.09 

Bivalvia - - - - - - - - - - - - - - 

Gari spp.  - - - 0.29 - - - - - - - - 0.02 0.33 

Diptera - - - - - - - - - - - - - - 

Thoracochaeta zostera - 0.01 0.02 - - 0.00 0.03 0.00 0.06 - - 0.01 0.01 0.15 
Coelopa pilipes + Coelopa 

frigida - - 0.43 - - - 0.09 0.01 2.40 - - 0.10 0.25 3.42 

Orygma luctuosum - - 0.15 - - 0.23 - - - - - - 0.03 0.43 

Fucellia maritima - - - - - 0.11 - - - - - - 0.01 0.12 

Hydrophorus oceanus - - - - - 0.00 - - 0.08 - - - 0.01 0.09 

Scaptomyza graminum - - - - - 0.01 - - - - - - 0.00 0.01 

Helcomyza ustulata - - - - - - - - 0.30 - - - 0.02 0.34 

Coleoptera - - - - - - - - - - - - - - 

Cercyon Littoralis + depressus  - - 0.19 - - 0.09 - - - - - - 0.02 0.31 

Atheta (Thinobaena) spp. - - 0.02 - - 0.06 - - - - - - 0.01 0.09 

Omalium spp.  - - 0.05 - - 0.01 - - - - - - 0.00 0.07 

- - - - - - - - 2.92 - - - 0.24 3.31 

Nematoda - - - - - - 0.00 - - - - - 0.00 0.00 

Total 17.28 0.26 10.22 2.36 1.91 18.87 4.87 1.20 19.86 7.66 3.01 0.84 7.36 100.00 
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Appendix 2. 14: Abundance of shorebirds recorded on beaches at the same time as conducting surveys for benthic infauna in Chapter 3. Methods for 

bird counts are described in Chapter 2. 

Species / Beach Hougharry Peninerine Bornish Aird a Machair Culla Bay Traigh Hornais MOD Port Scolpaig 

Waders 

Oystercatcher 35 82 70 8 5 0 2 3 

Dunlin 0 30 31 0 0 0 26 0 

Ringed Plover 15 45 16 25 0 0 40 0 

Sanderling 0 10 0 34 0 0 2 0 

Turnstone 2 50 80 98 0 0 0 0 

Purple Sandpiper 5 100 67 2 5 0 0 0 

Redshank 27 3 0 0 0 0 0 0 

Curlew 1 1 1 0 0 0 1 0 

Bar-tailed Godwit 0 3 31 33 0 0 1 0 

Golden Plover 1 0 1 0 0 0 0 0 

Gulls         

Larus spp. 1 35 34 0 10 0 1 3 

Black headed Gull 0 0 0 0 5 0 0 0 

TOTAL Waders 86 324 297 200 10 0 72 3 

TOTAL Gulls 1 35 34 0 10 0 1 3 
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Appendix 2. 15: Average abundance (ind.100m-3) of hyperbenthic fauna (>1 mm) sampled using a push net on 11 beaches on the Uists, Scotland, April 2011.   

Beach: TH PEN BOR AM PS E1 E2 PNL BW HG PB Ave. % Comp. 

Polychaeta 

Spionidae - - - 12.9 - - - - - 87.1 - 9.10 0.2 
Eunicidae - - - - - 3.10 - - 12.9 - - 1.50 - 
Hesionidae - - - - - - - - - 3.20 - 3.20 0.1 
Syllidae 3.10 25.5 - - 6.50 22.4 3.20 16.0 - 3.20 9.10 8.10 0.2 

Aphroditidae - - 12.7 - - - - 3.20 6.50 - - 7.50 0.1 
Phyllodocidae - 25.6 16.1 - - - - - - - - 3.80 0.1 
Capitellida  - - 12.8 - - - - - - - - 1.20 - 

Amphipoda/Gammaridea 
Atylus spp 6.30 1.71x10

3 
12.7 1.73x10

2 
4.35x10

2 
16.0 3.20 6.40 1.48x10

2 
1.09x10

2 
1.64x10

2 
2.54x10

2 
4.9 

Dexamine spp - - 19.1 - 32.1 - - 10.4 - - - 20.5 0.4 
Gammarus spp - 6.63x10

2 
38.2 1.09x10

2 
64.1 6.50 6.40 6.40 45.2 25.8 6.94x10

2 
1.66x10

2 
3.2 

Calliopius spp - 2.04x10
2 

76.5 - 32.1 - 3.00 6.40 - 6.50 37.5 52.3 1.0 
Ischyroceridae  - - 3.20 - 6.40 - 3.00 3.20 - 6.50 12.9 3.20 0.1 
Stenothoidae  - - 6.40 - 6.40 - - - - 3.20 - 5.30 0.1 

Oedicerotidae  31.7 - - 12.9 - 6.40 - 63.6 6.50 3.20 49.1 24.8 0.5 
Amphilochus spp - - - 6.30 - - - - - - - 6.30 0.1 
Ampelisca spp - - - - - - - - 6.50 - - 6.50 0.1 
Bathyporeia spp - 25.5 - - - - - - - - - 25.5 0.5 

Cumacea 
Iphinoe trispinosa - - - - - - - 10.4 - - - 10.4 0.2 
Pseudocuma longicornis - - - - - 9.70 - 31.1 - - - 20.4 0.4 

Decapoda 
Crangonidae - - - - 73.6 - 3.20 19.3 19.4 9.74x10

3 
15.5 1.01x10

2 
2.0 

Hippolyte varians - - - - - - - 25.6 - - - 25.6 0.5 
Palaemonidae 3.10 - - - - - - - - - - 3.10 0.1 

Zoea larvae 9.40 - - - - 12.9 - - - - - 2.00 - 
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Appendix 2. 15: Average abundance (ind.100m-3) of hyperbenthic fauna (>1 mm) sampled using a push net on 11 beaches on the Uists, Scotland, April 2011.   

Beach: TH PEN BOR AM PS E1 E2 PNL BW HG PB Ave. % Comp. 

Isopoda 

Idotea balthica - - - - - - - - - 93.5 25.8 59.7 1.2 
Idotea metallica - - - - - - - - 12.9 9.70 - 11.3 0.2 
Idotea pelagic - 8.93x10

2 
60.5 2.51x10

2 
3.81x10

2 
6.30 3.20 - 12.9 1.95x10

3 
4.18x10

2 
4.42x10

2 
8.6 

Eurydice pulchra 6.30 - - - - - 9.50 - - - - 7.90 0.2 

Mysida 
Erytrops sp. - - - - - - - 22.4 - - - 22.4 0.4 
Leptomysis lingvura - 2.04x10

2 
38.2 45.1 51.6 - - - 12.9 3.20 - 59.3 1.2 

Praunus flexuosus - - - - - - - 9.60 - - - 9.60 0.2 
Praunus inermis - - - - - - - - - - 3.20 3.20 0.1 
Praunus neglectus - - - - - - - 16.0 - - 3.20 9.60 0.2 
Siriella armata - 4.08 x 10

2 
3.20 1.04x10

3 
1.54x10

2 
- - 52.0 1.12x10

3 
3.20 20.7 3.50x10

2 
6.8 

Siriella jaltensis - 1.01x10
2 

- - - - - - - - - 1.02x10
2 

2.0 
Schistomysis sp. - 2.46 x 10

4 44.9 8.93x10
2 

5.69x10
3 

28.9 - 6.40 1.03x10
3 

3.20 - 2.94x10
3 

57.4 
Mysidae (larvae) - 51.2 - - 4.12x10

2 
- - - - - - 2.32x10

2 
4.5 

Harpacticoida 
Zaus  spinatus - 25.6 - - - 6.50 - - - - - 16.1 0.3 
Calanoida 
Eurytema sp. - - - - - 38.1 - - - - - 3.50 0.1 

Pycnogonida 
Nymphon gracile - - - - 6.40 - - - - - - 6.40 0.1 
Anoplodactylus pygmaeus - - - - 3.20 - - - - - - 3.20 0.1 

Pycnogonida (juv.) - - - - - 3.30 - - - - - 3.30 0.1 
Fish  
Merluccius (juv) - - - - - - - - - - 3.20 3.20 0.1 
Pleuronectes platessa (juv) - - - 6.30 - - - - - 3.20 - 4.80 0.1 

Icelus bicornis (juv) - - - - - - - - - - 3.20 3.20 0.1 
Gadidae (larvae) - - - - - 19.4 3.20 - - - - 11.3 0.2 
Ammodytidae (larvae) 18.8 - - - - 3.10 - - - 9.70 16.1 11.9 0.2 
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Appendix 2. 15: Average abundance (ind.100m-3) of hyperbenthic fauna (>1 mm) sampled using a push net on 11 beaches on the Uists, Scotland, April 2011.   

Beach: TH PEN BOR AM PS E1 E2 PNL BW HG PB Ave. % Comp. 

              

Oikopleura sp. - - - - - 42.1 - - - - - 42.1 0.8 
Cnidara 
Anthoathecata (mesuda) - - - - - - - - - 6.50 - 6.50 0.1 

Cnidara (larvae) - - - - - 3.20 - - - - - 3.20 0.1 

TOTAL 78.7 2.89 x10
4 

3.44x10
2 

2.54x10
3 

7.36x10
3 

2.27x10
2 

37.9 3.09x10
2 

2.44x10
3 

3.30x10
3 

1.48x10
3 

5.13x10
3 

100 

Note: Four replicate samples were taken from each beach. Abundance values are averages for each beach reported to three significant figures. 
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Appendix 2. 16: Average biomass (g.100m-3) of hyperbenthic fauna (>1 mm) sampled using a push net on 11 beaches on the Uists, Scotland, April 2011.   

Beach TH PEN BOR AM PS E1 E2 PNL BW HG PB Ave % Comp 

Polychaeta              

Spionidae 
Eunicidae - - - 0.019 - - - - - 0.019 - 0.019 0.111 
Hesionidae - - - - - 0.000 - - 0.008 - - 0.004 0.023 

Syllidae - - - - - - - - - 0.001 - 0.001 0.007 
Aphroditidae 0.003 0.003 - - 0.001 0.005 0.000 0.008 - 0.002 0.004 0.003 0.018 
Phyllodocidae - - 0.005 - - - - 0.001 0.003 - - 0.003 0.016 
Capitellida  - 0.205 0.556 - - - - - - - - 0.381 2.180 

Amphipoda/Gammaridea              
Atylus spp - - 0.011 - - - - - - - - 0.011 0.062 

Dexamine spp 0.009 1.379 0.011 0.266 0.390 0.008 0.005 0.005 0.247 0.207 0.121 0.241 1.378 
Gammarus spp - - 0.010 - 0.024 - - 0.007 - - - 0.014 0.080 
Calliopius spp - 1.344 0.028 0.083 0.058 0.001 0.007 0.006 0.060 0.057 0.599 0.224 1.284 

Ischyroceridae  - 0.453 0.049 - 0.014 - 0.010 0.002 - 0.009 0.074 0.087 0.500 
Stenothoidae  - - 0.007 - 0.008 - 0.003 0.004 - 0.011 0.011 0.007 0.042 
Oedicerotidae  - - 0.003 - 0.003 - - - - 0.002 - 0.002 0.014 
Amphilochus spp 0.240 - - 0.003 - 0.008 - 0.032 0.010 0.007 0.039 0.048 0.277 

Ampelisca spp - - - 0.002 - - - - - - - 0.002 0.011 
Bathyporeia spp - - - - - - - - 0.015 - - 0.015 0.085 

Cumacea              
Iphinoe trispinosa - 0.003 - - - - - - - - - 0.003 0.015 
Pseudocuma longicornis - - - - - - - 0.017 - - - 0.017 0.100 

Decapoda              
Crangonidae - - - - - 0.004 - 0.007 - - - 0.005 0.029 
Hippolyte varians - - - - 0.148 - 0.004 2.428 0.017 8.782 2.555 2.322 13.302 

Palaemonidae - - - - - - - 0.565 - - - 0.565 3.238 
Zoea larvae 0.002 - - - - - - - - - - 0.002 0.011 
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Appendix 2. 16: Average biomass (g.100m-3) of hyperbenthic fauna (>1 mm) sampled using a push net on 11 beaches on the Uists, Scotland, April 2011.   

Beach TH PEN BOR AM PS E1 E2 PNL BW HG PB Ave % Comp 

Polychaeta              

              

Isopoda              
Idotea balthica 0.002 - - - - 0.001 - - - - - 0.002 0.009 
Idotea metallica - - - - - - - - - 0.792 0.104 0.448 2.565 

Idotea pelagic - - - - - - - - 0.775 0.229 - 0.502 2.877 
Eurydice pulchra - 0.581 0.042 0.267 0.171 0.007 0.001 - 0.004 2.032 0.282 0.376 2.156 

Mysida              
Erytrops sp. 0.005 - - - - - 0.039 - - - - 0.022 0.125 
Leptomysis lingvura - - - - - - - 0.086 - - - 0.086 0.494 
Praunus flexuosus - 0.297 0.288 0.492 0.057 - - - 0.032 0.012 - 0.196 1.124 

Praunus inermis - - - - - - - 0.251 - - - 0.251 1.436 
Praunus neglectus - - - - - - - - - - 0.006 0.006 0.033 
Siriella armata - - - - - - - 0.371 - - 0.003 0.187 1.073 

Siriella jaltensis - 7.681 0.047 24.929 3.499 - - 1.539 18.886 0.159 0.490 7.154 40.978 
Schistomysis sp. - 0.458 - - - - - - - - - 0.458 2.625 
Mysidae (larvae) - 96.336 0.262 4.034 2.143 0.007 - 0.067 1.747 0.003 - 13.075 74.894 

Harpacticoida              
Zaus  spinatus - 0.003 - - 0.098 - - - - - - 0.050 0.288 

Calanoida              
Eurytema sp. - 0.003 - - - 0.001 - - - - - 0.002 0.010 

Pycnogonida              
Nymphon gracile - - - - - 0.004 - - - - - 0.004 0.025 
Anoplodactylus pygmaeus - - - - 0.154 - - - - - - 0.154 0.884 

Pycnogonida (juv.) - - - - 0.002 - - - - - - 0.002 0.009 

Fish               

Merluccius (juv) 
Pleuronectes platessa (juv) - - - - 0.406 - - - - - - 0.406 2.327 
Icelus bicornis (juv) - - - 0.079 - - - - - 0.010 - 0.044 0.255 
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Appendix 2. 16: Average biomass (g.100m-3) of hyperbenthic fauna (>1 mm) sampled using a push net on 11 beaches on the Uists, Scotland, April 2011.   

Beach TH PEN BOR AM PS E1 E2 PNL BW HG PB Ave % Comp 

Polychaeta              

Gadidae (larvae) - - - - - - - - - - 0.303 0.303 1.735 

Ammodytidae (larvae) - - - - - 0.007 0.002 - - - - 0.004 0.023 

Oikopleura sp. 0.002 - - - - 0.002 - - - 0.054 0.055 0.028 0.161 

Cnidara              

Anthoathecata (mesuda) - - - - - 0.001 - - - - - 0.001 0.003 
Cnidara (larvae) - - - - - - - - - 0.002 - 0.002 0.009 
Polychaeta - - - - - 0.001 - - - - - 0.001 0.007 

TOTAL 0.262 108.745 1.319 30.175 7.174 0.055 0.070 5.397 21.805 12.388 4.646 17.4577 100.000 

Note: Four replicate samples were taken from each beach.  
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Appendix 2. 17: Average abundance (ind.100m-3) of decapods and fish (>4 mm) sampled on 8 beaches on the Uists, Scotland, April 2011.   
Beach: TH PEN AM HG PS E1 E2 PNL Average % Comp 

Gadiformes 

Gaidropsarus mediterraneus - - - 0.741 - - - - 0.741 0.21 

Pollachius virens - - - - 0.586 - - - 0.586 0.16 

Gasterosteiformes 

Gasterosteus aculeatus - 0.365 0.292 - - - - - 0.329 0.09 

Spinachia spinachia - 1.83 - 0.741 - - 0.370 - 0.980 0.27 

Perciformes 

Hyperoplus lanceolatus 0.557 - 0.277 - 0.615 0.695 - - 0.536 0.15 

Hyperoplus sp.  - 0.389 - 4.50 0.919 0.327 0.370 0.878 1.23 0.34 

Pomatoschistus minutus - - - - 0.460 - - 18.0 9.231 2.57 

Pomatoschistus (juvenile) - - - - - - 0.741 - 0.741 0.21 

Echiichthys vipera - 0.377 - - - - - - 0.377 0.10 

Pleuronectiformes 

Limanda limanda 0.323 - - - - 0.707 - - 0.515 0.14 

Pleuronectes platessa - 1.13 3.22 - 10.1 0.729 4.98 3.16 3.89 1.08 

Pleuronectes platessa (juvenile) - 46.1 2.05 4.50 - - 4.83 16.8 14.9 4.13 

Scorpaeniformes 

Taurulus bubalis - - - - - - - 0.444 0.444 0.12 

Liparis montagui - 0.377 - - - - - - 0.377 0.10 

Syngnathiformes 

Syngnathus rostellatus - - 0.601 - 0.460 - - - 0.530 0.15 

Decapoda 

Crangon crangon 3.31 78.1 304 200 581 10.1 73.3 1.18 x10
3 

305 84.76 

Philocheras trispinosus 0.570 - - - - 3.23 - - 1.90 0.53 

Galathea squamifera - - - - - - - 0.878 0.878 0.24 

Hyas coarctatus - - - - - - - 1.33 1.33 0.37 

Pagurus pubescens - - - - 0.460 - - 17.6 9.07 2.52 

Palaemon serratus - - - - - - - - 

Carcinus maenas - 4.73 2.70 3.12 6.01 - 3.17 15.7 5.92 1.65 

Liocarcinus holsatus - - - - - 0.327 - - 0.327 0.09 

TOTAL 4.763 133 313 214 601 16.1 87.8 1.26 x10
3
 359 100 

Note: Four replicate samples were taken from each beach. Abundance values are averages for each beach reported to three significant figures. 
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Appendix 2. 18: Average biomass (g.100 m

-3
) of decapods and fish (>4 mm) sampled using a beach trawl (n = 4) on 8 beaches on the Uists, 

Scotland, April 2011. 

Beach TH B25 B36 B50 PS E1 E2 PNL Ave. % Comp 

Gadiformes                     

Gaidropsarus mediterraneus - - - 0.0588 - - - - 0.0588 0.1137 
Pollachius virens - - - - 0.0241 - - - 0.0241 0.0466 
Gasterosteiformes 
Gasterosteus aculeatus - 0.4499 0.3201 - - - - - 0.3850 0.7450 

Spinachia spinachia - 4.9926 - 1.5178 - - 0.4456 - 2.3186 4.4869 
Perciformes                     
Hyperoplus lanceolatus 0.4336 - 0.1787 - 0.5537 0.8789 - - 0.5112 0.9893 

Hyperoplus spp. - 0.2655 - 0.1801 0.0547 0.0155 0.0332 0.0313 0.0967 0.1872 
Pomatoschistus minutus - - - - 0.3751 - - 3.2940 1.8345 3.5501 
Pomatoschistus (juvenile) - - - - - - 0.1641 - 0.1641 0.3176 
Echiichthys vipera - 2.4495 - - - - - - 2.4495 4.7403 

Pleuronectiformes                     
Limanda limanda 1.3549 - - - - 4.2465 - - 2.8007 5.4198 
Pleuronectes platessa - 3.6190 10.9264 - 16.0896 7.0265 2.1754 5.8934 7.6217 14.7492 

Pleuronectes platessa (juvenile) - 0.6218 0.0263 0.0305 - - 0.0808 0.4514 0.2422 0.4686 
Scorpaeniformes                     
Taurulus bubalis - - - - - - - 0.2861 0.2861 0.5537 
Liparis montagui - 0.6091 - - - - - - 0.6091 1.1788 

Syngnathiformes                     
Syngnathus rostellatus - - 0.0402 - 0.1065 - - - 0.0733 0.1419 
Decapoda                     

Crangon crangon 1.4138 19.8246 51.5750 16.7410 72.2952 3.1370 8.7397 78.7706 31.5621 61.0777 
Philocheras trispinosus 0.0291 - - - - 0.1615 - - 0.0953 0.1845 
Galathea squamifera - - - - - - - 0.4653 0.4653 0.9004 
Hyas coarctatus - - - - - - - 4.0619 4.0619 7.8605 

Pagurus pubescens - - - - 0.0706 - - 1.1372 0.6039 1.1687 
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Appendix 2. 18: Average biomass (g.100 m-3) of decapods and fish (>4 mm) sampled using a beach trawl (n = 4) on 8 beaches on the Uists, 

Scotland, April 2011. 

Beach TH B25 B36 B50 PS E1 E2 PNL Ave. % Comp 

Palaemon serratus - - - - - 0.0717 - - 0.0717 0.1387 
Carcinus maenas - 6.6047 9.9112 0.8700 11.2260 - 4.0080 49.6572 13.7129 26.5365 
Liocarcinus holsatus - - - - - 2.3307 - - 2.3307 4.5102 

Total 3.2315 39.4368 72.9778 19.3981 100.7956 17.8682 15.6468 144.0484 51.6754 100.0000 
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Appendix 2. 19: Weights of individual bird species in Ecopath models 

Species Live weight (g)* 

Oystercatcher (Haematopus ostralegus) 540 

Dunlin (Calidris alpina) 58 

Ringed Plover (Charadrius hiaticula) 64 

Sanderling (Calidris alba) 50 

Turnstone (Arenaria interpres) 120 

Purple Sandpiper (Calidris maritime) 71 

Redshank (Tringa tetanus) 120 

Curlew (Numenius arquata) 885 

Bar-tailed Godwit (Limosa lapponica) 310 

Golden Plover (Pluvialis apricaria) 220 

Larus sp. 731 

*Data obtained from Robinson (2005  

 

 
Appendix 2. 20: Empirical model for the calculation of P/B, as published by Brey 2001 

log(P/B) = 7.947 Intercept VARIABLES 

+ -2.294 * log(M) M = Mean Indiv. Body Mass (kJ) 

+ -2409.856 * 1/(T+273) T = Bottom Water Temperature (°C) 

+ 0.168 * 1/D 

D = Water Depth (m); Intertidal = 1m, 

Minimum = 1m 

+ 0.194 * SubT Subtidal? Yes:1; No: 0 

+ 0.180 * In-Epi Infauna =1 or Epifauna = 0 

+ 0.277 * MoEpi Motile Epifauna? Yes:1; No: 0 

+ 0.174 * Taxon1 Annelida or Crustacea? Yes: 1; No: 0 

+ -0.188 * Taxon2 Echinodermata? Yes: 1; No: 0 

+ 0.330 * Taxon3 Insecta? Yes: 1; No: 0 

+ -0.062 * Habitat1 Habitat = Lake? Yes: 1; No: 0 

+ 582.851 
* 

log(M)*1/(T+273) Composite Variable log(M) * 1/T 
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 Appendix 2. 21: Weigh and energy conversion factors of taxa 

Species/taxa DW/WW AFDW/WW AFDW/DW J/mgDW J/mgAFDW Reference 

Diptera 0.18 0.90 19.78 24.072 Brey (2001) 

Coleoptera 0.37 0.93 23.155 25.599 Brey (2001) 

Oligochaeta 0.069 0.795 18.052 22.669 Brey (2001) 

Polychaeta (Capitellidae) 0.17 0.69 16.95 21.1 Brey (2001) 

Polychaeta (Spionidae) 0.24 0.18 0.80 19.49 22.415 Brey (2001) 

Gammaridea (Amphipoda) 0.22 0.16 0.75 15.301 21.005 Brey (2001) 

Idotea 0.3 0.202 0.691 13.585 Brey (2001) 

Mysidae 0.214 0.184 0.871 19.856 24.066 Brey (2001) 

Copepoda 0.27 0.184 0.919 20.914 24.011 Brey (2001) 

Decapoda (general) 0.27 0.21 0.76 15.27 21.3 Brey (2001) 

Decapoda  
(Crangon crangon) 0.23 0.86 17.495 20.79 Brey (2001) 

Decapoda (Carcinus maneus) 0.18  0.72 11.887 19.408 Brey (2001) 

Birds 0.40 Griffiths et al. (1983) 

DW: dry weight, WW: wet weight, AFDW: ash free dry weight 
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Appendix 2. 22: Wet weights (WW), dry weights (DW), ash free dry weights (AFDW) and energy values (joules and kilojoules) for taxa. 

 Taxon WW (mg) DW (mg) AFDW (mg) J kJ 

Polychaete Capitellidae 11.60 2.01  34.02 0.0340 

 Malacoceros fuliginosus 23.90 5.74 4.59 102.99 0.1030 

 Scolelepis squamata 77.59 18.62 14.92 334.34 0.3343 
Enchytraeidae Lumbricillus lineatus 0.30 0.02 0.02 0.29 0.0003 
Diptera Thoracochaeta zostera 

(larvae) 

1.41 0.25 0.23 5.01 0.0050 

 Coelopa sp. (larvae) 18.51 3.33 3.01 65.90 0.0659 

 O. luctuosum larvae 39.43 7.10 6.40 140.39 0.1404 

 Hydrophorous oceanus 0.62 0.11 0.10 2.20 0.0022 
Coleoptera Cercyon sp .(all life stages) 2.39 0.88 0.82 20.48 0.0205 

 Atheta sp. 1.93 0.72 0.67 16.57 0.0166 

 Cafius sp. 8.91 3.30 3.07 76.34 0.0763 

 Omalium sp. 1.86 0.69 0.64 15.90 0.0159 

 Staphylinidae larvae 7.00 2.59 2.41 59.97 0.0600 

 Staphylinidae adult 5.25 1.94 1.81 44.98 0.0450 

 Staphylinidae all 5.87 2.17 2.02 50.29 0.0503 
Amphipoda Atylus sp. 1.10 0.24 0.18 3.69 0.0037 

 Dexamine sp. 0.70 0.15 0.11 2.35 0.0023 

 Gammarus sp. 1.10 0.24 0.18 3.69 0.0037 

 Calliopius sp. 1.50 0.33 0.25 5.03 0.0050 

 Orchestia gammarellus 18.00 3.60 2.59 58.94 0.0589 
Isopoda Idotea balthica 7.20 2.16 1.49 29.34 0.0293 

 Idotea pelagica 1.00 0.30 0.21 4.08 0.0041 
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Appendix 2. 22: Wet weights (WW), dry weights (DW), ash free dry weights (AFDW) and energy values (joules and kilojoules) for taxa. 

 Taxon WW (mg) DW (mg) AFDW (mg) J kJ 

Mysidae Leptomysis lingvura 6.10 1.31 1.14 25.92 0.0259 

 Siriella armata 21.00 4.49 3.91 89.23 0.0892 

 Schistomysis sp. 2.40 0.51 0.45 10.20 0.0102 

 Decapod Larvae 1.30 0.28 0.24 5.52 0.0055 
Decapoda Crangon crangon 658.00 151.34 129.40 2647.69 2.6477 

 Carcinus maneus 11230.0 1976.4 1425.04 23494.4 23.494 
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Appendix 2. 23: Final diet matrix Peninerine (high-wrack beach). Ratios in bold denote groups for which diets were adjusted 

 Prey \ predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1 Birds - - - - - - - - - - - - - - - - 

2 Plaice 0.0002 - - - 0.020 0.100 - - - - - - - - - - 

3 15-spined sea 

stickleback 

0.0002 - - - - - - - - - - - - - - - 

4 Sand eel 0.0000 - - - - - - - - - - - - - - - 

5 Shrimp 0.0008 0.100 - - 0.040 0.257 - - - - - - - - - - 

6 Crabs 0.0003 0.020 - - - - - - - - - - - - - - 

7 Carnivorous beetles 0.0037 - - - - - - - - - - - - - - - 

8 Hyperbenthic 

amphipods 

- - 0.030 - 0.030 0.017 - - 0.310 - - - - - - - 

9 Idotea pelagica - - 0.010 - 0.008 0.002 - - - - - - - - - - 

10 Mysids  0.0021 - 0.960 - 0.210 0.011 - - - - - - - - - - 

11 Talitrid amphipods 0.0339 - - - - - 0.160 - - - - - - - - - 

12 Diptera larvae 0.1437 - - - - - 0.680 - - - - - - - - - 

13 Herbivorous beetles 0.0004 - - - - - - - - - - - - - - - 

14 Detritivore polychaetes 0.7600 0.730 - - 0.302 0.427 - - - - - - - - - - 

15 Oligochaetes 0.0329 0.070 - - - - 0.160 - - - - - - - - - 

16 Other benthic fauna 0.0300 0.080 - 1.000 0.360 0.055 - 0.100 - - - - - - - - 

17 Phytoplankton - - - - - - - - - 0.010 - - - - - 0.010 

18 Beach wrack - - - - - - - - - - 1.000 1.000 1.000 1.000 1.000 - 

19 Drifting macroalgae - - - - 0.030 0.131 - 0.600 0.690 0.410 - - - - - - 

20 Detritus - - - - - - - 0.300 - 0.590 - - - - - 0.990 

21 Import - - - - - - - - - - - - - - - - 

22 Sum 1.0000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.010 1.000 1.000 1.000 1.000 1.000 1.000 
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Appendix 2. 24: Initial diet matrix Peninerine (high-wrack beach). Ratios in bold denote groups for which diets were adjusted. 

 Prey \ predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1 Birds - - - - - - - - - - - - - - - - 

2 Plaice 0.00017 - - - 0.020 0.410 - - - - - - - - - - 

3 15-spined sea 

stickleback 

0.00020 - - - - - - - - - - - - - - - 

4 Sand eel 0.00001 - - - - - - - - - - - - - - - 

5 Shrimp 0.00078 0.100 - - 0.040 0.157 - - - - - - - - - - 

6 Crabs 0.00026 0.020 - - - - - - - - - - - - - - 

7 Carnivorous beetles 0.00368 - - - - - - - - - - - - - - - 

8 Hyperbenthic 

amphipods 

- - 0.030 - 0.220 0.017 - - 0.310 - - - - - - - 

9 Idotea pelagica - - 0.010 - 0.100 0.002 - - - - - - - - - - 

10 Mysids  0.002 - 0.960 - 0.210 0.011 - - - - - - - - - - 

11 Talitrid amphipods 0.034 - - - - - 0.160 - - - - - - - - - 

12 Diptera larvae 0.144 - - - - - 0.680 - - - - - - - - - 

13 Herbivorous beetles 0.000 - - - - - - - - - - - - - - - 

14 Detritivore polychaetes 0.760 0.730 - - 0.020 0.227 - - - - - - - - - - 

15 Oligochaetes 0.033 0.070 - - - - 0.160 - - - - - - - - - 

16 Other benthic fauna 0.030 0.080 - 1.000 0.360 0.055 - 0.100 - - - - - - - - 

17 Phytoplankton - - - - - - - - - 0.010 - - - - - 0.010 

18 Beach wrack - - - - - - - - - - 1.000 1.000 1.000 1.000 1.000 - 

19 Drifting macroalgae - - - - 0.030 0.131 - 0.600 0.690 0.410 - - - - - - 

20 Detritus - - - - - - - 0.300 - 0.590 - - - - - 0.990 

21 Import - - - - - - - - - - - - - - - - 

22 Sum 1.0000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.010 1.000 1.000 1.000 1.000 1.000 1.000 
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Appendix 2. 25: Final diet matrix Traigh Hornais (low-wrack beach). Ratios in bold denote groups for which diets were adjusted. 

Prey \ predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1 Birds - - - - - - - - - - - - - - - - 

2 Common dab - - - - - - - - - - - - - - - - 

3 Sand eel - - - - - - - - - - - - - - - - 

4 Shrimp - 0.079 - - - - - - - - - - - - - - 

5 Carnivorous beetles 0.015 - - - - - - - - - - - - - - - 

6 Carnivorous polychaetes 0.066 0.054 - 0.003 - - 0.011 - - - - - - - - - 

7 Euridice pulchra 0.490 0.007 - 0.110 - 0.506 0.068 - - - - - - - - - 

8 Mysids - - - 0.210 - - 0.003 - - - - - - - - - 

9 Talidrid amphipods 0.008 - - - 0.970 - 0.821 - - - - - - - - - 

10 Hyperbenthic amphipod - 0.351 - 0.220 - 0.005 0.001 - - - - - - - - - 

11 Bivalve 0.006 - - 0.040 - 0.080 - - - - - - - - - - 

12 Diptera larvae 0.006 - - - 0.020 - 0.016 - - - - - - - - - 

13 Herbivorous beetles 0.012 - - - - - - - - - - - - - - - 

14 Detritivore polychaetes 0.397 0.329 - 0.017 - 0.409 0.068 - - - - - - - - - 

15 Oligochaetes - - - - 0.010 - 0.012 - - - - - - - - - 

16 Other benthos - 0.180 1.000 0.400 - - - - - 0.100 - - - - - - 

17 Phytoplankton - - - - - - - 0.090 - 0.100 0.100 - - - - 0.100 

18 Beach-wrack - - - - - - - - 1.000 - - 1.000 1.000 - 1.000 - 

19 Detritus - - - - - - - 0.910 - 0.800 0.900 - - 1.000 - 0.900 

20 Import - - - - - - - - - - - - - - - - 

21 Sum 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
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Appendix 2. 26: Initial diet matrix Traigh Hornais (low-wrack beach). Ratios in bold denote groups for which diets were adjusted. 

Prey \ predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1 Birds - - - - - - - - - - - - - - - - 

2 Common Dab - - - - - - - - - - - - - - - - 

3 Sandeel - - - - - - - - - - - - - - - - 

4 Shrimp - 0.079 - - - - - - - - - - - - - - 

5 Carnivorous beetles 0.015 - - - - - - - - - - - - - - - 

6 Carnivorous polychaetes 0.066 0.054 - 0.003 - - 0.011 - - - - - - - - - 

7 Euridice pulchra 0.490 0.007 - 0.220 - 0.506 0.068 - - - - - - - - - 

8 Mysids - - - 0.210 - - 0.003 - - - - - - - - - 

9 Talidrid amphipods 0.008 - - - 0.970 - 0.821 - - - - - - - - - 

10 Hyperbenthic amphipods - 0.351 - 0.110 - 0.005 0.001 - - - - - - - - - 

11 Bivalve 0.006 - - 0.040 - 0.080 - - - - - - - - - - 

12 Diptera larvae 0.006 - - - 0.020 - 0.016 - - - - - - - - - 

13 Herbivorous beetles 0.012 - - - - - - - - - - - - - - - 

14 Detritivore polychaetes 0.397 0.329 - 0.017 - 0.409 0.068 - - - - - - - - - 

15 Oligochaetes - - - - 0.010 - 0.012 - - - - - - - - - 

16 Other benthos - 0.180 1.000 0.400 - - - - - 0.100 - - - - - - 

17 Phytoplankton - - - - - - - 0.090 - 0.100 0.100 - - - - 0.100 

18 Beach-wrack - - - - - - - - 1.000 - - 1.000 1.000 - 1.000 - 

19 Detritus - - - - - - - 0.910 - 0.800 0.900 - - 1.000 - 0.900 

20 Import - - - - - - - - - - - - - - - - 

21 Sum 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

 

 

 



 

 

 

  Appendix 2: Auxiliary data for Chapter 5 

 

299 

 

Appendix 2. 27: Diet modifications made to model of Peninerine (‘high wrack’ beach) 

 

The final diet matrix and initial diet matrix for Peninerine are shown in Appendix 2. 

23 and Appendix 2. 24 respectively. Changes made to diet proportions are shown in bold. 

Plaice originally had an EE = 2.19, and were suffering the highest predation mortality rates 

from crabs. The original diet of crabs was based on site specific diet studies in Scotland 

(Ansell et al., 1999), however crabs (Carcinus maenas) are known to be non-selective 

omnivores that may adapt their diet according to prey availability (Pihl, 1985, Ansell et al., 

1999). The proportion of plaice consumed by crabs was thus reduced from 0.41 to 0.10. The 

remainder of the diet for crabs was apportioned between the two most dominant inshore 

benthic taxa, namely detritivorous polychaetes and shrimp.  

 

Hyperbenthic amphipods originally had an EE = 4.176 and Isopods (Idotea pelagica) 

originally had an EE = 10.073. Both of these inshore groups were suffering high predation 

pressure from shrimp (Crangon crangon). C. crangon are known to be opportunistic 

predators (Pihl, 1985), with a highly variable diet both spatially and temporally (Pihl, 1985). 

The diet of C. crangon is generally a function of the composition of the benthic community 

and the abundance of available prey (Ansell et al., 1999, Oh et al., 2001), and it is likely that 

their diet will adapt relative to prey availability. The diet data for C. crangon in this model 

was originally taken from a site specific study in the United Kingdom, and may not be 

relevant to our study area. Polychaetes, which are a benthic prey item for C. crangon, 

dominated the biomass for shrimp prey. The proportion of hyperbenthic amphipods 

consumed by shrimp was thus reduced from 0.22 to 0.03, and remainder of the diet for 

shrimp was substituted by polychaetes. Similarly the proportion of Idotea pelagica 

consumed by shrimp was reduced from 0.10 to 0.05, and the remainder of the diet 

apportioned to polychaetes. 
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Appendix 2. 28: Diet modifications made to model of Traigh Hornais (low-wrack beach) 

 

The final diet matrix and initial diet matrix for Traigh Hornais are shown in Appendix 

2. 25 and Appendix 2. 26 respectively. Changes made to diet proportions are shown in bold.  

 

The original EE for hyperbenthic amphipods was 1.187. The dominant predator for 

hyperbenthic amphipods was shrimp, Crangon crangon. Since the diet of C. cragon is highly 

variable, as explained above (Pihl, 1985, Ansell et al., 1999, Oh et al., 2001), it was decided 

to reduce the proportion of hyperbenthic amphipods consumed by shrimp in order for the 

model to balance. The proportion of hyperbenthic amphipods in the diet of shrimp was thus 

reduced from 0.22 to 0.11, and the remainder apportioned to carnivorous isopods, which 

were the most dominant prey item for shrimp.  
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Appendix 2. 29 Estimation of habitat area occupied by benthic infauna at Mean low water 

 

The habitat area occupied by sediment macrofauna such as polychaetes was 

estimated for each of the three beaches in April 2011. The procedure described below was 

completed once for each beach, and the resulting habitat areas are shown in Appendix 2. 30.   

 

Sediment samples (n = 4) were taken at 5 meters intervals up the beach, with the 

rising tide, starting at mean low water. The four sampling points were located along each 

horizontal shore level by randomly throwing a quadrant to mark the sampling location. A 

hand corer (11 cm diameter, 20 cm deep) was used to remove the sand in the marked 

position. Three cores were pooled for each replicate sample. Sediment samples were placed 

in a 1 mm mesh bag and sieved in situ in the water column (on the beach) to reduce the 

volume of sand in the sample, and the remaining contents of the sieve were transferred to a 

bucket (25 L). Macrofauna were then elutriated out of the remaining sand by stirring the 

sand in a bucket of water, and then pouring the supernatant that contained the 

suspended/floating macrofauna through a 1 mm sieve. Elutriation was repeated a minimum 

of 5 times until the majority of macrofauna were separated from the sediment (Harris et al., 

2011). The abundance of macrofauna was then visually categorized according to a log scale 

of 0-10, 11-100, 101-1000 etc. Sampling was continued at 5 m intervals up the beach in this 

fashion until only 0-10 individuals were recorded in all samples, for two consecutive shore 

levels. The upper habitat limit for sediment infauna (mainly polychaetes) was taken as the 

point at which fewer than 10 individuals occurred in all samples. The tide height at this point 

was recorded.  

 

The habitat area for polychaetes in this model was taken as the distance between the 

upper limit of polychaete distribution (as X meters above chart datum) down to zero meters 

above chart datum (CD), for a 300 m length of shore. Beach angles were used to calculate 

the actual distance between zero meters CD and the upper limit of polychaete distribution, 

as explained below. 
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Beach angles were obtained by marking a line perpendicular to the shore from the 

low-water line to the high-water debris line. A theodolite was used to measure the elevation 

of the beach relative to the height of the theodolite at 10 m intervals along the profile line. 

The overall slope (rise/run or gradient) for the beach was calculated as the average 

inclination of the line obtained between the low and high water points (Dominguez-Granda 

et al., 2004). The relationship between the height above chart datum and distance along the 

shore was plotted (Fig A2.1). A simple linear model (y = slope*x + intercept) was used to 

represent the relationship between tidal height and distance along the shore. This model 

was used to calculate the distance between zero meters CD and the upper limit for 

polychaete occurrence.  

 

 
Fig A2.1: Beach profile for Peninerine, showing the relationship between height above chart datum 

and distance along the shore.  

 

An example of calculations are given below: 

 

1) Height above chart datum at which polychaetes stop occurring:  

1.2 m  

2) Model for beach profile:  

Height above CD = 0.0227*distance along shore + 0.6348  (Fig A2.1) 

3) Horizontal habitat range for polychaetes (using above model): 

(1.2/0.0227)-0.6348 = 25 m  

y = 0.0227x + 0.6348
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4) Horizontal model domain 

 300m 

5) Total polychaete habitat area: 

 300*25 = 7500 m
2
 

6) Average biomass of polychaetes in habitat area: 

 

281.92 g.m
-2 

 

7) Model area = (width of beach)*( length of beach): 

147m * 300m  = 44,100 m
2
 

8) Average biomass of polychaetes in whole model: 

 

(281.92 g.m
-2 

x  7500m
2
) / 44,100 m

2
 = 47.95 g.m

-2 

 

 
Appendix 2. 30: Vertical limit for polychaete distribution up the beach, together with 

calculated habitat area for polychaetes 

Beach Vertical limit of polychaete distribution (m 

above CD) 

Habitat area for polychaetes 

(m
2
) 

Bornish 1.7 3827 

Peninerine 1.2 5250 

Hougharry 2.0 5152 
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Appendix 2. 31: Example of options included in Ecopath with Ecosim for defining confidence 

intervals or ‘pedigree’ for input data 

Input 

parameter 
Data source Conf. Interval (± %) Pedigree 

Index 

(i) Biomass 

Data 
Estimated by Ecopath 80 0.0 

From other model 80 0.0 

 Guesstimate 80 0.0 

 Approximate or indirect method 50 0.4 

 Sampling/locally, low precision 30 0.7 

 Sampling/locally, high precision 10 1.0 

    

(ii) P/B and 

Q/B ratios 
Estimated by Ecopath 80 0.0 

Guesstimate 70 0.1 

 From other model 60 0.2 

 Empirical relationship 50 0.5 

 Similar species, similar system, low precision 40 0.6 

 Similar species, same system, low precision 30 0.7 

 Same species, similar system, high precision 20 0.8 

 Same species, same system, high precision 10 1.0 
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Appendix 2. 32: Beach names, abbreviations, latitudes and longitudes of sampling sites for study 

of inshore beach fauna 

Beach name Beach abbreviation Latitude (N) Longitude (W) 

Traigh Hornais TH 57.686 -7.220 

Peninerine PEN 57.294 -7.407 

Bornish BOR 57.242 -7.438 

Aird a’Mhachair north AMn 57.390 -7.414 

Aird a’Mhachair  AM 57.382 -7.427 

Port Scolpaig PS 57.589 -7.518 

Eriskay 1 E1 57.074 -7.306 

Eriskay 2 E2 57.089 -7.314 

Port nan Long PNL 57.688 -7.207 

Berneray West BW 57.709 -7.225 

Hougharry HG 57.600 -7.540 

Paible PB 57.570 -7.485 

Culla Bay CB 57.459 -7.402 

Ministry of defence  MOD 57.363 -7.408 
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Appendix 3.  1:: Model descriptions and R code for Chapter 2 

 

A3.1. 1: Model 1,  Generalized Additive Model (GAM) for log10wrack biomass versus time: 

 

Model formula: log10Wrack biomass ~ ƒ(Time) + Beach  

 

Where biomass observations are modelled as a function of time ƒ(Time), with a different 

smoother predicted for each beach This model results in different curves being fitted for 

log10Biomass versus Time for each beach.  

 

R Code:  Library(mgcv) 

M14h.gamm <- gam(Bio_log ~ s(Time, k=9,bs="cc", by=Beach) + Beach,  

                   data=Wrack , na.action = na.omit, method="REML")  

 

A3.1. 2: Model 2, GAM for waders over time:  

 

Model formula:  Wader abundance ~ ƒ(Time)    

(Fitted with a negative binomial distribution and a log-link) 

 

Where wader counts are modelled as a function of time ƒ(Time). This model fits one curve 

through bird counts versus Time.  

 

R Code for waders: M1.Wad<- gam(Birds ~ s(Time, bs = "cc", k=9 ),  

                method = "REML", family = negbin(c(1,10)), data = Waders) 
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A3.1. 3: Model 3, GAM for gulls over time (same model formula used for waders and gulls): 

 

Model formula: Gull abundance ~  ƒ(Time)  

(Fitted with a negative binomial distribution and a log-link) 

 

R Code for gulls:  M1.Gulls<- gam(Birds ~ s(Time, bs = "cc", k=9 ),  

               method = "REML", family = negbin(c(1,10)),  data = Gulls) 

 

A3.1. 4: Model 4, Linear model of the relationship between waders and wrack cover: 

 

Model formula:  log10(Wader abundance) ~ Wrack cover 

 

R Code:    M2.log<-lm(logWaders~logWeed_Cov, data = Birds_2010.na)  

 

A3.1. 5: Model 5, Linear models of biomass of benthic infauna versus sampling month and 

beach: 

 

Model formula:  Sq.root (infaunal biomassi) ~ Month + Beach  

 

R code:  M7.bio<-lm(root.Bio~MonthB +Beach, data=Infauna.x, na.action=na.omit) 
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A3.1. 6: Model 6, Linear model of biomass of wrack macroinvertebrates versus sampling 

month, beach and age of wrack: 

 

Model formula:  log10(wrack macroinvertebrate biomass) ~  Month:Beach:Age  

 

Where ‘:’ denotes an interaction. 

 

Variance covariate (σ
2
) = Age (levels: old and new wrack) 

 

R code: M4<-gls(logBio ~ Month*Age*Beach, data=Wr_Fauna, na.action=na.exclude, 

weights = varIdent(form = ~ 1|Age)) 
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Appendix 3.  2: Model outputs for Chapter 2 

 

A3.2. 1: Model 1, Parameter estimates for Generalized Additive Model (GAM) of wrack 

biomass versus time (directly from R), log10Wrack biomass ~ ƒ(Time) + Beach: 

 
Family: gaussian  
Link function: identity  
  
Formula: 
 
Bio_log ~ s(Time, k = 9, bs = "cc", by = Beach) +  Beach 
  
Parametric coefficients: 
Estimate Std. Error t value Pr(>|t|)     
(Intercept)  1.43706    0.05133  27.996  < 2e-16 *** 
BeachHG     -0.07429    0.07399  -1.004    0.318     
BeachPEN    -0.32088    0.07262  -4.418 2.88e-05 *** 
   --- 

Signif.codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1  
  
Approximate significance of smooth terms: 
                    edf Ref.df     F  p-value     
 s(Time):BeachBOR 1.985  1.985 2.602   0.0803 .   
 s(Time):BeachHG  5.815  5.815 9.902 3.76e-08 *** 
 s(Time):BeachPEN 6.026  6.026 5.520 6.90e-05 *** 
   --- 

Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1  
  
R-sq.(adj) =  0.548  Scale est. = 0.092155  n = 103 
 

 

A3.2. 2: Model 2, Parameter estimates for GAM of waders over time, Wader abundance ~ 

ƒ(Time): 

  
Family: Negative Binomial(1.48)  
Link function: log  
 
Formula: 
Birds ~ s(Time, bs = "cc", k = 9) 
  
Parametric coefficients: 
Estimate Std. Error z value Pr(>|z|)     
(Intercept)   4.5697     0.1596   28.64   <2e-16 *** 
 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ # 0.1 ‘ ’ 
1  

Approximate significance of smooth terms: 
          edf Ref.df Chi.sq p-value    
s(Time) 2.284  3.062  13.24 0.00441 ** 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ # 0.1 ‘ ’ 
1  

R-sq.(adj) =  0.356   Deviance explained = 35.9% 
REML score = 153.12  Scale est. = 1         n = 27 
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A3.2. 3: Model 3, Parameter estimates for GAM of gulls vs. time, Gull abundance ~  ƒ(Time) 

 

 
Family: Negative Binomial(1.001)  
Link function: log  
 
Formula: 
Birds ~ s(Time, bs = "cc", k = 9) 
  
Parametric coefficients: 
              Estimate Std. Error z value Pr(>|z|)     
(Intercept)   3.4044     0.1958   17.39   <2e-16 *** 
 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’0.1 ‘ ’ 1  
  
Approximate significance of smooth terms: 
          edf Ref.df Chi.sq p-value   
s(Time) 1.815  2.533  6.494  0.0631 . 
--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’0.1 ‘ ’ 1  
R-sq.(adj) =  0.0663   Deviance explained = 13.3% 
 

 

A3.2. 4: Model 4, Parameter estimates for linear models of waders versus wrack cover on 

beach, log10(Wader abundance) ~ Wrack cover 

 

 
lm(formula = logWaders ~ logWeed_Cov, data = Birds_2010.na) 

  
Residuals: 
   Min       1Q   Median       3Q      Max  
 -0.35392 -0.12466  0.01105  0.08510  0.31829  
  
 Coefficients: 
               Estimate Std. Error t value Pr(>|t|)     
(Intercept)   0.3376     0.1337   2.526   0.0217 *   
logWeed_Cov   0.9273     0.1052   8.811 9.57e-08 *** 
  --- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
 

Residual standard error: 0.1796 on 17 degrees of freedom 
Multiple R-squared: 0.8204,  Adjusted R-squared: 0.8098  
F-statistic: 77.64 on 1 and 17 DF,  p-value: 9.567e-08  
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A3.2. 5: Model 5 (Eq. 2. 4), Parameter estimates for linear models of biomass of benthic 

infauna versus sampling month and beach, Sq.root (infaunal biomassi) ~ Month + Beach: 

 

Parameters are estimated for model of Infauna Biomass (square root transformed), with 

month set to ‘March’ (Month 3), and beach set to Bornish’ 

 
lm(formula = root.Bio ~ Month + Beach, data = Infauna.x, na.action = 
na.omit) 

 
Residuals: 
     Min       1Q   Median       3Q      Max  
-11.7965  -3.3124  -0.5066   3.4645  11.5752  
 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)   12.631     1.510   8.366  9.20e-12 *** 
Month6        4.535      1.720   2.636  0.01058 *   
Month9        3.167      1.720   1.841  0.07040 .   
Month12      -3.842      1.814  -2.118  0.03817 *   
BeachHG       6.512      1.546   4.214  8.29e-05 *** 
BeachPEN      4.498      1.528   2.944  0.00456 **  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
 
Residual standard error: 5.085 on 62 degrees of freedom 
Multiple R-squared: 0.3971, Adjusted R-squared: 0.3485  
F-statistic: 8.167 on 5 and 62 DF,  p-value: 5.701e-06  

 

Note: This output is a ‘table of contrasts’. The intercept is for the model where the ‘month’ is 

March (month 3), and the beach is ‘Bornish’. The intercept for Month 6 (June) on Bornish is 

4.535 g.m
-2

 above the current intercept for Bornish, and the intercept for month 12 on 

Bornish is 3.842 g.m
-2

 above that for month 3 on Bornish. The intercept for Hougharry (HG) 

on month 3 is 6.152 g.m
-2

 above that for Bornish on month 3.  
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A3.2. 6: Model 6, (Eq. 2. 5), Parameter estimated for model of log10 (wrack 

macroinvertebrate biomass) versus month, age and beach; with month set to March 

(Month 3), and beach set to ‘Bornish’ and wrack age is set to ‘Old:, log10(wrack 

macroinvertebrate biomass) ~  Month:Beach:Age 

  
Generalized least squares fit by REML 
  Model: logBio ~ Month * Age * Beach  
  Data: Wr_Fauna  
       AIC     BIC    logLik 
  264.9026 334.638 -106.4513 
 
Variance function: 
 Structure: Different standard deviations per stratum 
 Formula: ~1 | Age  
 Parameter estimates: 
     New      Old  
1.000000 0.616775  
 
Coefficients: 
                               Value Std.Error   t-value p-value 
(Intercept)                2.6724355 0.1862884 14.345692  0.0000 
MonthDec                   0.2701754 0.2522356  1.071123  0.2865 
MonthJun                   0.2441164 0.2522356  0.967811  0.3353 
MonthSept                  0.4923577 0.3042076  1.618492  0.1085 
AgeNew                    -2.5860056 0.3548651 -7.287293  0.0000 
BeachHG                    0.6773468 0.2522356  2.685373  0.0084 
BeachPEN                   0.8592020 0.2522356  3.406347  0.0009 
MonthDec:AgeNew            0.9486571 0.4804896  1.974355  0.0509 
MonthJun:AgeNew            0.9932249 0.4804896  2.067110  0.0411 
MonthSept:AgeNew           0.1855950 0.5096957  0.364129  0.7165 
MonthDec:BeachHG          -0.7328796 0.3485136 -2.102872  0.0378 
MonthJun:BeachHG          -0.8167603 0.3485136 -2.343554  0.0209 
MonthSept:BeachHG         -1.4106442 0.4234391 -3.331398  0.0012 
MonthDec:BeachPEN         -1.3198400 0.3485136 -3.787054  0.0003 
MonthJun:BeachPEN         -0.7864743 0.3485136 -2.256653  0.0260 
MonthSept:BeachPEN        -1.4043603 0.4060061 -3.458964  0.0008 
AgeNew:BeachHG             1.5132999 0.4804896  3.149496  0.0021 
AgeNew:BeachPEN            0.6423073 0.4804896  1.336777  0.1841 
MonthDec:AgeNew:BeachHG    0.1198920 0.6752455  0.177553  0.8594 
MonthJun:AgeNew:BeachHG    0.1835199 0.6638917  0.276430  0.7827 
MonthSept:AgeNew:BeachHG   0.9375322 0.7061099  1.327743  0.1871 
MonthDec:AgeNew:BeachPEN  -2.0196943 0.6752455 -2.991052  0.0034 
MonthJun:AgeNew:BeachPEN   0.5812445 0.6638917  0.875511  0.3832 
MonthSept:AgeNew:BeachPEN -1.0468526 0.6957955 -1.504541  0.1354 
 
Standardized residuals: 
        Min          Q1         Med          Q3         Max  
-3.47240705 -0.59886132  0.05187099  0.59057734  3.26273092  
 
Residual standard error: 0.6753734  
Degrees of freedom: 132 total; 108 residual 
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Appendix 3.  3: Model validations for Chapter 2 

 
A3.3. 1:Normalized residuals versus fitted values, time and beach and normal Q-Q plot of 

residuals  for GAM of wrack biomas: log10Wrack biomass ~ ƒ(Time) + Beach. Time (top 

right plot) runs from 2010 to 2011, where 2010.6 denotes 60% of the way through the 

year, and 2011.0 is the start of the year.  
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A3.3. 2: Normalized residuals versus fitted values and time and normal Q-Q plot of 

residuals  for GAM of wader abundance: Wader abundance ~ ƒ(Time). Time (top right plot) 

runs from 2010 to 2011, where 2010.6 denotes 60% of the way through the year, and 

2011.0 is the start of the year.  

 

 
A3.3. 3:Deviance residuals versus fitted values and time and normal Q-Q plot of residuals 

for GAM of gull abundance: Gull abundance ~ ƒ(Time). Time (top right plot) runs from 2010 

to 2011, where 2010.6 denotes 60% of the way through the year, and 2011.0 is the start of 

the year.  
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A3.3. 4:Residuals versus fitted values and normal Q-Q plot of residuals for linear model of 

the relationship between wader abundance and wrack cover on 20 beaches in April 2010. 

Log10(Wader abundance) ~ Wrack cover. 
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A3.3. 5: Residuals vs explanatory variables, residuals vs fitted values and normal Q-Q plot 

of residuals for the linear model of benthic Infauna biomass as a function of sampling 

month and beach, Sq.root (infauna biomassi) ~ Month + Beach. 
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A3.3. 6: Residuals vs explanatory variables, residuals vs fitted values, normal Q-Q plot and 

histogram of residuals  for the mixed effects model of wrack macrofauna biomass  as a 

function of wrack age, month and beach, log10(wrack macroinvertebrate biomass) ~ 

Month:Beach:Age. 
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Appendix 3.  4: Model descriptions and R code: Chapter 3 

 

A3.4. 1: Model 1, Generalized linear model for benthic infauna biomass as a function of 

wrack cover, intertidal shore level : 

 

Optimal model formula: log10(Infaunal biomass) ~ Wrack cover +  Shore level  

Wrack:Shore level  

 

Random intercept and slope  = Shore Level|Beach, 

Variance covariate = Shore Level 

 

R code:  BiomassOM <- lme(log10Biomass~Wrack*Shore,data=Sed_macro_comp, 

method="REML",random=~1+Shore|Beach,  

weights=varIdent(form=~1|Shore), control=lmc ) 

 

A3.4. 2: Model 2, Generalized linear model for benthic infauna abundance as a function of 

wrack cover and intertidal shore level:  

 

Optimal model formula: log10(Infaunal abundance) ~ Wrack cover + Shore level + 

Wrack:Shore level   

 

Random intercept and slope  = Shore Level|Beach, 

Variance covariate = Shore Level 

 

R code:  AbundanceOM < lme(log10Abundance ~ Wrack*Shore, 

data=Sed_macro_comp, 

method="REML",random=~1+Shore|Beach,  

weights=varIdent(form=~1|Shore), control=lmc ) 
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A3.4. 3: Model 3, Generalized linear model for the species richness (Margalef’s d) of 

benthic infauna as a function of wrack cover: 

  

Optimal model formula: Log10Species richness ~  Wrack 

 

Random intercept and slope  = Shore Level|Beach, 

Variance covariate = Wrack cover 

 

R code:  DiversityOM <- lme(Diversity~Wrack,data=Sed_macro_comp, 

method="REML",random=~1+Shore|Beach,  

weights=varIdent(form=~1|Wrack) ) 
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Appendix 3.  5: Model outputs for Chapter 3 

 

A3.5. 1: Model output for optimal model (OM) for benthic infaunal biomass log10(g.m
-2

). 

Showing parameters for random effects (a), variance function (b), and population 

intercepts for fixed effects (c) and comparisons between groups for fixed effects (d), 

log10(Infaunal biomass) ~ Wrack cover + Shore level + Wrack:Shore level. 

(a) Random σ
 

 

Intercept Beach 0.41  

Slope MLW-MTL 0.44  

 MTL-HWS 0.61  

 MLW-HWS 0.37  

 Residual 0.48  

(b) Variance function (shore level) σ  

 MLW 1.00  

 MTL 0.37  

 HWS 0.97  

(c)  Intercepts (population means ± SE) 

 High wrack t p-value 

MLW 2.27 (± 0.13) 17.04 0.0000 

MTL 0.47 (± 0.15) 3.24 0.0015 

HWS 1.04 (± 0.22) 4.69 0.0000 

 Low wrack   

MLW 0.65 (± 0.13) 4.90 0.0000 

MTL 0.34 (± 0.14) 3.24 0.0015 

HWS 0.88 (± 0.22) 3.96 0.0001 

(d)  Comparisons between groups (t-tests) 

 Effect  size (±SE) t p-value 

MLW: Low vs high wrack -1.62 (± 0.19) 0.98 0.00 

MTL: Low vs high wrack -0.12 (± 0.21) 0.62  0.55 

HWS: Low vs high wrack -0.16 (± 0.32) -1.02 0.32 
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A3.5. 2: Model output for optimal model (OM) for benthic infaunal abundance log10(ind.m
-

2
). Random Effect (a), variance function (b), and population intercepts for fixed effects (c) 

and comparisons between groups for fixed effects (d).  

log10(Infaunal abund.) ~ Wrack cover + Shore level + Wrack:Shore level 

(a) Random σ
 

 

Intercept Beach 0.39  

Slope MLW-MTL 0.74  

 MTL-HWS 1.04  

 MLW-HWS 0.31  

 Residual 0.34  

(b) Variance function (shore level) σ  

 MLW 1.00  

 MTL 1.28  

 HWS 1.65  

(c)  Intercepts (population means ± SE) 

 High wrack t p-value 

MLW  3.93 (± 0.09) 42.11 0.0000 

MTL  2.38 (± 0.36) 6.46 0.0000 

HWS 3.38 (± 0.22) 14.70 0.0000 

 Low wrack   

MLW  1.98 (± 0.13) 21.28 0.0000 

MTL  2.18 (± 0.36) 5.93 0.0000 

HWS 2.94 (± 0.23) 12.71 0.0000 

(d)  Comparisons between groups (t-tests) 

 Effect  size (±SE) t p-value 

MLW: Low vs high wrack -1.94 (± 0.13) -14.72 0.0000 

MTL: Low vs high wrack 0.19 (± 0.52) 0.37  0.72 

HWS: Low vs high wrack -0.44 (± 0.32) -1.35 0.22 
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A3.5. 3: Model output for optimal model (OM) for log10Species richness of benthic infauna 

(Margalef’s d). Random Effect (a), variance function (b), and population intercepts for fixed 

effects (c) and comparisons between groups for fixed effects (d).  

Log10Species richness ~  Wrack. 

(a) Random σ
 

 

Intercept Beach 0.06  

Slope MLW-MTL 0.15  

 MTL-HWS 0.26  

 MLW-HWS 0.13  

 Residual 0.11  

    

(b) Variance function (wrack cover) σ  

 High Wrack 1.00  

 Low Wrack 2.46  

(c)  Intercepts (population means ± SE) 

 High wrack t p-value 

MLW  0.23 (± 0.04) 5.96 0.0000 

MTL  0.24 (± 0.09) 2.76 0.0066 

HWS  0.15 (± 0.08) 1.83 0.0694 

 Low wrack   

MLW  0.48 (± 0.06) 7.79 0.0000 

MTL  0.29 (± 0.10) 2.955 0.0037 

HWS 0.48 (± 0.09) 5.11 0.0000 

(d)  Comparisons between groups (t-tests) 

 Effect  size (±SE) t p-value 

MLW: Low vs high wrack 0.25 (± 0.07) 3.54 0.012 

MTL: Low vs high wrack 0.057 (± 0.13) 0.42 0.684 

HWS: Low vs high wrack 0.33 (± 0.13) 3.17 0.036 
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Appendix 3.  6: Model validations for Chapter 3 

 
A3.6. 1:: Residuals vs fitted values, residuals vs explanatory variables and normal Q-Q plot 

for the mixed effects model of benthic infaunal biomass  as a function of wrack cover and 

shore level, with the random effect of beach, log10(Infaunal biomass) ~ Wrack cover + 

Shore level + Wrack:Shore level 

. 
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A3.6. 2:  Residuals vs fitted values, residuals vs explanatory variables and normal Q-Q plot 

for the mixed effects model of benthic infaunal abundance (ind.m
-2

)  as a function of wrack 

cover and shore level, with the random effect of beach (log10(Infaunal abund.) ~ Wrack 

cover + Shore level + Wrack:Shore level).  
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A3.6. 3: Residuals vs fitted values, residuals vs explanatory variables and normal Q-Q plot 

for the mixed effects model of benthic infaunal species richness (Margalefs d’)  as a 

function of wrack cover and shore level, with the random effect of beach (log10Species 

richness ~  Wrack).  
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Appendix 3.  7: Model descriptions and R code Chapter 4 

 

3.7. 1: Model 1) LME model for log10Abundance of hyperbenthic fauna (> 1 mm) versus 

wrack volume: 

 

Final model formula:  log10(Abund. Hyperbenthic fauna) ~ Macroalgal vol. 

 

Random effect ~ Beach 

 

R Code:  M1.FINAL <-  library(nlme) 

lme (logAbund ~  wrack, data = hyper, na.action=na.omit,  

random = ~1|beach, method = "REML")   

 

3.7. 2: Model 2) LME model for log10Abundance of beam trawl fauna (> 4 mm): 

 

Model formula:  log10(Abund. Decapods and fish) ~ Grain
 
+ Wave + Macro.vol  

+ TSS + Chl-a 

 

R code:   M1.FINAL <-  lm(logAbund ~ wave + grain + chloro + wrack + TSS,  

data = Beam, na.action = na.omit,  

method="REML") 
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Appendix 3.  8: Model outputs for Chapter 4 

 

A3.8. 1: Parameter estimates for linear models showing intercept values, slopes (β) and 

variance parameters for 1) the abundance of hyperbenthic fauna (log10(Abund. Hyperbenthic 

fauna) ~ Macro.vol) and 2) abundance of decapods and fish (log10(Abund. Decapods and fish) 

~ Grain
 
+ Wave + Macro.vol + TSS + Chl-a). 

Model Parameters Estimate Lower 

95% CI  

Upper 

95% CI  

t-value Pr(>|t|) 

Hyperbenthic fauna 

abundance 

(push net) 

Intercept 1.9965 1.3391 2.6539 6.2828 0.0000 

Macroalgal vol. 
β
 

0.0464 0.0151 0.0776 3.6332 0.0109 

Residual 

variance (ε) 

0.3441 0.2578 0.4592 - - 

Random 

variance for 

beach (a) 

0.5540 0.2977 1.0309 - - 

       

Decapod and fish 

abundance 

(beam trawl) 

Intercept 4.2066 3.5348 4.8784 13.1054 0.000 

Wave 
β
 -0.0254 -0.0304 -0.0205 -

10.8091 

0.000 

Chl-a 
β
 -0.0663 -0.1133 -0.0192 -2.9482 0.008 

Macroalgal vol. 
β
 

0.0105 0.0029 0.0181 2.8962 0.009 

Grain 
β
 -0.0034 -0.0048 -0.0020 -5.2487 0.000 

TSS 
β
 -0.0031 -0.0066 0.0003 -1.8940 0.074 

Residual 

variance (ε) 

0.19355 0.1518 0.2671 - - 
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A3.8. 2: Model 1, LME model for log10Abundance of hyperbenthic fauna (> 1 mm) versus 

wrack volume, log10(Abund. Hyperbenthic fauna) ~ Macroalgal vol. 

 

 

 

 Linear mixed-effects model fit by REML 
 Data: hyper  
 AIC      BIC    logLik 
 55.22825 60.69743 -23.61412 
  
 Random effects: 
 Formula: ~1 | beach 
           (Intercept)  Residual 
 StdDev:   0.5540295 0.3440724 
  
 Fixed effects: logAbund ~ wrack  
             Value Std.Error DF  t-value p-value 
 (Intercept) 1.996491 0.3177724 23 6.282771  0.0000 
 wrack       0.046355 0.0127587  6 3.633194  0.0109 
Correlation:  
       (Intr) 
 wrack -0.763 
  
 Standardized Within-Group Residuals: 
   Min          Q1         Med          Q3         Max  
 -1.39114051 -0.59456420  0.05737505  0.66519349  2.06760987  
  
 Number of Observations: 31 
 Number of Groups: 8 
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A3.8. 3: Model 2, LME model for log10Abundance of beam trawl fauna (> 4 mm), 

log10(Abund. Decapods and fish) ~ Grain
 
+ Wave + Macro.vol + TSS + Chl-a: 

 

 Model: logAbund ~ wave + chloro + wrack + grain + TSS  
 Data: Beam2  
   AIC      BIC   logLik 
2.835706 11.36784 5.582147 
  
 Coefficients: 
                 Value Std.Error    t-value p-value 
 (Intercept)  4.206580 0.3209806  13.105404  0.0000 
 wave        -0.025448 0.0023543 -10.809060  0.0000 
 chloro      -0.066281 0.0224815  -2.948230  0.0083 
 wrack        0.010480 0.0036187   2.896172  0.0093 
 grain       -0.003398 0.0006474  -5.248735  0.0000 
 TSS         -0.003141 0.0016584  -1.893955  0.0736 
  
 Correlation:  
   (Intr) wave   chloro wrack  grain  
 wave   -0.191                             
 chloro -0.645  0.100                      
 wrack  -0.485  0.227  0.226               
 grain  -0.937  0.017  0.576  0.351        
 TSS    -0.398 -0.391  0.053 -0.223  0.391 
  
 Standardized residuals: 
   Min         Q1        Med         Q3        Max  
 -3.1521608 -0.3897158  0.2324657  0.7023978  1.6596384  
  
 Residual standard error: 0.193549  
 Degrees of freedom: 25 total; 19 residual  
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Appendix 3.  9: Model validations for Chapter 4 

 

A3.9. 1: Model validation plots for lme model of the abundance of hyperbenthic fauna (>1 

mm). Plots (A) is used to assess homogeneity of variances, (B) is used to validate 

independence and (C) to assess normality. log10(Abund. Hyperbenthic fauna) ~ Macro.vol. 

 

 

 

A3.9. 2: Model validation plots for lme model of the abundance of hyperbenthic fauna (>1 

mm) showing the residuals plotted against the fixed explanatory variable (A) and the 

random variable ‘beach’ (B). log10(Abund. Hyperbenthic fauna) ~ Macro.vol. 
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A3.9. 3: Standardized residuals obtained from linear regression model for abundance of 

hyperbenthic fauna versus their spatial coordinates. Black dots denote negative residuals 

and grey dots are positive residuals. log10(Abund. Hyperbenthic fauna) ~ Macro.vol. 

 

A3.9. 4: Standardized residuals obtained from linear regression model for abundance of 

hyperbenthic fauna versus their spatial x-coordinates and y-coordinates. log10(Abund. 

Hyperbenthic fauna) ~ Macro.vol. 



  Appendix 3: Statistical models Chapter 4 

 

333 

 

 

 

A3.9. 5:Model validation plots for LME model for log10Abundance of beam trawl fauna (> 4 

mm). Plots (A) is used to assess homogeneity of variances, (B) is used to validate 

independence and (C) to assess normality. log10(Abund. Decapods and fish) ~ Grain
 
+ Wave + 

Macro.vol + TSS + Chl-a. 
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A3.9. 6: Model validation plots for LME model for log10Abundance of beam trawl fauna (> 

4 mm) showing the residuals plotted against the fixed explanatory variables. log10(Abund. 

Decapods and fish) ~ Grain
 
+ Wave + Macro.vol + TSS + Chl-a. 
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A3.9. 7: Standardized residuals obtained from LME model for log10Abundance of beam 

trawl fauna (> 4 mm), plotted against their spatial coordinates. Black dots denote negative 

residuals and grey dots are positive residuals. log10(Abund. Decapods and fish) ~ Grain
 
+ 

Wave + Macro.vol + TSS + Chl-a. 

 

A3.9. 8: Standardized residuals obtained from LME model for log10Abundance of beam 

trawl fauna (> 4 mm), plotted against their spatial x-coordinates and y-coordinates. 

log10(Abund. Decapods and fish) ~ Grain
 
+ Wave + Macro.vol + TSS + Chl-a. 

 


