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Abstract 

Salt marshes are wetlands in coastal, intertidal areas, which are present from the Polar 

Regions to the subtropics.  They mature in sheltered areas of coast where fine sediment is 

allowed to settle, and develop through a process of succession, where pioneer species alter 

the environment, making it suitable for larger plants to establish.  Salt marshes provide an 

important habitat for many animal species, and benefit the human population.  However, 

despite this, they are under threat from anthropogenic sources and are poorly understood in 

Scotland.  Many Scottish marshes develop on top of rocky shores or boulder fields, which 

have never been investigated as a driver of plant community composition.  This study 

aimed to identify some of the environmental variables that drive salt marsh development in 

Scotland.  Salt marsh vegetation was surveyed and the environmental variables sediment 

depth, soil salinity, soil pH, percentage mud and percentage organic matter measured at 

four locations on the Isle of Arran, in southwest Scotland.  Data was analysed to establish 

how environmental variables affected the vegetation community, particularly in relation to 

marsh elevation.  Results showed that environmental variables did change with marsh 

elevation, which led to a change in the vegetation community composition.  Sediment 

depth, soil salinity, % mud and % organic matter all had an influence on community 

composition.  Vegetation biomass and species richness also changed with elevation, 

increasing and decreasing respectively, and was driven by % mud and soil pH.    It was 

concluded that soil salinity and moisture content were strong drivers of vegetation 

communities at these locations.  However results also suggested that underlying geology 

influences community composition, as sites with similar underlying geology (shallow bed 

rock) had the most similar communities.  Topography of the location also had a potential 

impact, as uneven locations had greater species richness, due to greater variations in 

elevation. 
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1 Introduction 

Salt marshes are coastal wetlands, which are colonised by salt tolerant (halophytic) 

vegetation and regularly covered by the incoming tides (Allen 2000, Deegan et al. 2012).  

Salt marshes are common in coastal regions, ranging from Polar Regions, to the sub 

tropics (Davidson-Arnott et al. 2002).  In tropical regions, salt marshes are replaced by 

mangrove forests as the dominant halophytic vegetation in sheltered intertidal areas 

(Davidson-Arnott et al. 2002).   

Typically, salt marshes occur in sheltered areas of the coast, such as protected bays, or 

areas with a long and shallow coast that attenuates much of the wave energy before it 

reaches the shoreline (Davidson-Arnott et al. 2002).  In these environments, current speeds 

are low enough to allow small sediment particles to settle out, allowing plants to establish 

(Davidson-Arnott et al. 2002).  As salt marshes develop and sedimentation increases, the 

height of the marsh increases, resulting in less inundation by the tide and a change in 

salinity (Silvestri et al. 2005, Wang et al. 2007, He et al. 2012).  This variation in salinity 

at different locations within the marsh leads to a change in vegetation community 

composition (Deleeuw et al. 1993).  Diverse vegetation, in addition to salt creeks and 

pans, creates an important habitat for many animal species, including breeding birds and 

juvenile fish (Norris et al. 1997, Milsom et al. 2002, Green et al. 2009).  Salt marshes also 

provide several ecosystem services to human populations, such as providing coastal 

protection, and acting as a sink for carbon and contaminants (Williams et al. 1994, 

Bilkovic & Mitchell 2013). 

Salt marshes mature through a process of succession, in sheltered intertidal areas where 

fine sediment is allowed to settle (Davidson-Arnott et al. 2002).  Pioneer species, which 

are tolerant to salinity and high soil moisture, are the first to become established (Deleeuw 

et al. 1993).  In UK salt marshes, common pioneer species include Spartina spp. and 

Sarcocornia spp. (JNCC 2004).  The physical presence of the vegetation further reduces 

the velocity of the water over the ground, increasing the rate of sedimentation, and 

allowing finer particles to settle.  Over time, this process increases the height of the salt 

marsh, with the highest areas above sea level being the furthest inland (Deleeuw et al. 

1993). 

An increase in the height of the salt marsh causes both the salinity and moisture content of 

the soil to change.  Higher areas are covered by the tide for shorter periods of time, 
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resulting in a lower interstitial salinity and soil moisture (He et al. 2012).  The varying 

elevations within salt marshes cause soil conditions to change leading to a pattern of 

vertical zonation of plant communities (Bertness & Ellison 1987).  Each zone of 

vegetation is defined on the seaward side by the salt and moisture tolerances of the plant 

species, and on the landward side by the area when stress tolerant species are displaced by 

more competitively dominant plants (Pennings et al. 2005).  Studies have shown that plant 

diversity increases as marsh height increases, due to the reduction in salt stress, favouring 

a higher number of species that have lower salt tolerance (Silvestri et al. 2005).   

Although most species variation within salt marshes can be explained by vertical zonation, 

disturbance can also influence community structures.  An example of this is caused by 

drift material, smothering and killing vegetation (Bertness & Ellison 1987, Pennings & 

Richards 1998).  Vegetation death exposes bare earth, causing evaporation rates to 

increase, resulting in increased salinity, favouring salt tolerant species (Silvestri et al. 

2005).  These effects are however, short lived, as the salinity will again decrease due to 

the plant cover decreasing the rates of evaporation (Brewer et al. 1998).  Salinity and 

moisture are also altered by the presence of salt creeks and pans, and freshwater 

influences, such as rivers or estuaries (Craft 2007). 

In addition to salt marsh height, other soil properties such as sediment grain size and 

organic matter content can influence the moisture content and salinity of the soil.  As 

particle size increases, so does the interstitial spaces between grains, thus increasing the 

drainage rates of the soil.  Levels of wave exposure will alter the grain size between salt 

marshes, as slower flowing water will allow smaller particles to settle (Callaghan et al. 

2010).  High organic matter content also increases the moisture content of the soil.  Older 

salt marshes have higher levels of organic matter, suggesting that plant litter is a 

contributor to organic matter (Minello & Webb 1997).  Cott et al. (2013), showed that salt 

marshes enriched in organic matter favoured plant species with high tolerance for 

moisture, such as Juncus spp., where as other common species, such as Spartina anglica, 

were generally absent. 

Salt marshes are highly productive ecosystems, providing a range of habitats at different 

tidal heights within a small area.  They are an important habitat to species adapted to 

living in coastal environments (Waide et al. 1999), and provide a source of food to 

animals that inhabit both the marine and terrestrial areas of the marsh.  Several bird 
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species such as Redshank (Tringa tetanus) and Lapwing (Vanellus vanellus) use salt 

marshes as breeding grounds, and utilise exposed creeks at low tides to forage for 

invertebrate prey (Milsom et al. 2002).  Juvenile fish, including commercially important 

species such as Sea Bass and Herring, use creeks as feeding grounds at high tide, as it is a 

sheltered environment, where risk of predation is low (Green et al. 2009). 

Several ecosystem services are provided by salt marshes, such as coastal protection and 

act as a carbon and heavy metal sink.  The physical presence of salt marshes acts as a 

buffer to storm surges and prevents floods (De Groot et al. 2011).  If salt marshes are lost, 

there may be a need to install artificial coastal defences.  It is estimated that the value of 

coastal defence provided by salt marshes ranges from £30 to £60m-2 of salt marsh (King & 

Lester 1995).  Salt marsh plants take in carbon, as carbon dioxide, and heavy metals 

dissolved in the water.  When the vegetation dies, some of the resulting litter is trapped by 

incoming sediment.  The litter then breaks down, trapping the organic carbon and 

contaminants in the substrate, thus not allowing them to enter and pollute the marine 

environment (Orson et al. 1992). 

Despite the importance of salt marshes, both in terms of conserving biodiversity and their 

benefits to the human population, they are coming under increasing pressure from 

anthropogenic sources.  These anthropogenic impacts are exacerbated when they are 

considered in combination with the predicted rise in sea level due to climate change (Nolte 

et al. 2015).  Many salt marshes have hard, manmade structures on the landward side, such 

as roads, or sea defences (Baily & Pearson 2007).  This prevents the salt marshes from 

encroaching inland should the sea level increase, resulting in a reversal of the succession 

process that helps develop the marsh, as it will be covered by the tides for longer periods, 

supporting low marsh species (Baily & Pearson 2007).  Grazing of livestock also has 

potential impacts on salt marshes, as the physical effect of trampling compresses the soil, 

reducing elevation.  As stated above, the presence of vegetation reduces the velocity of 

water over the surface, allowing more sediment to be deposited.  Grazing removes 

vegetation, and as a result decreases sedimentation rates (Nolte et al. 2015).  This problem 

is again increased when combined with the effects of sea level rise. 

Salt marshes in Scotland occur in sheltered bays, estuaries and firths, and although there is 

a large number of individual marshes, the combined area of them is smaller than that of 

England or Wales (Boorman 2003).  Despite covering a smaller area, Scottish marshes are 
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known to have distinct community structures from England and Wales.  Many common 

species in England and Wales reach their northern limit on the south facing coast of the 

Solway Firth (JNCC 2004).  Scottish salt marshes are also known to be dominated by mid 

and high marsh communities, with few pioneer species and little succession taking place.  

In spite of these differences, salt marshes in Scotland have been largely ignored in the 

published literature, and it is thought that Scottish plant communities are not represented 

by the National Vegetation Classification (NVC) (JNCC 2004), that is used to characterise 

vegetation communities for all vegetation types, throughout the UK. 

The aim of this study was to investigate the effect that different environmental drivers 

have on communities in Scottish salt marshes.  A further justification for this study was 

that the southern half of the Arran coast line had been designated a statutory Marine 

Conservation Zone (MCZ), yet salt marshes have never been described.   

The study focused on associations of vegetation communities with the environmental 

variables, sediment depth, soil salinity, soil pH, soil percentage mud and soil percentage 

organic matter.  Soil salinity is one of the major drivers of salt marsh community structure.  

Moisture content of soil also has an influence in community compositions, and is largely 

controlled by the abundance of fine sediment and organic matter in the soil.  Many salt 

marshes in Scotland are formed on a shallow layer of sediment on top of bed rock or 

boulder fields, which is also likely to influence the moisture content of the soil.  Soil pH in 

salt marshes is often closely correlated to soil salinity and organic matter, and is therefore 

not a truly independent factor.  Freshwater runoff in the Isle of Arran has a high peat 

content and acidity, and may be another driver of pH.  This presents an opportunity to 

investigate the effect of pH, as an independent factor, on salt marsh community 

composition.   

This study tested the following hypotheses: 

 Environmental variables will change with salt marsh elevation, due to differences 

in the amount of time flooded by the tides 

 Soil pH will be highest at low salt marsh elevation, due to increased soil salinity, 

and have little effect on vegetation  

 Vegetation community composition be driven by soil salinity, sediment depth, and 

percentages of mud and organic matter in the soil, creating a pattern of vertical 

zonation 
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 Vegetation biomass will increase with elevation, as larger plants are able to 

establish 

 Vegetation species richness will increase with elevation 
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2 Methods 

2.1  Study area and description  

Salt marsh surveys took place on the Isle of Arran, in the south west of Scotland, in June 

and July, 2015.  The Isle of Arran is situated in the Firth of Clyde, in southwest Scotland 

(Figure 1).  The islands coasts are protected from the east by the Scottish mainland, and 

the north and west by the Kintyre peninsula.  The south of the island is more exposed, but 

still receives some protection from Northern Ireland. 

 

Figure 1: Map of a) Scotland, showing location of the Isle of Arran, and b) Isle of Arran 

 

The southwest of Scotland has a temperate climate and receives approximately 90mm of 

rain, on average, every month (Met Office 2015a).  Arran is known to have a large areas 

of blanket peat bog (Figure 2).  Although these are inland at high altitudes, runoff water 

from the hills carries high concentrations of peat in suspension down to the coast 

(Scotland Soils 2014). 
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Figure 2:  Isle of Arran map, showing areas of Blanket peat 

 

The island’s salt marshes can be divided into three distinct types: (i) deep salt marshes; 

these have a clear zonation of vegetation and are found in the north of the island. (ii) 

Narrow salt marshes, formed on top of rocky shores; located on the east and west coasts. 

(iii) Narrow salt marshes formed on top of boulder fields; located on the south coast.  Four 

locations, representative of these three marsh types, and therefore of the island’s salt 

marshes, were selected as study areas (Figure 3).   
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Figure 3: Study areas on the Isle of Arran: a) Lochranza; b) Lamlash bay; c) Blackwaterfoot; d) Kildonan 

 

Lochranza salt marsh (type (i); 55o 42.293 N, 5o 17.198 W) was an enclosed bay, in the 

north of the island.  The bay has a long and shallow inlet, increasing the protection from 

wave exposure.  The marsh itself is very flat, and has freshwater influence, in the form of 

a small river that surrounds the landward side of the marsh.  The marsh had a clear 

transition into terrestrial, broadleaf woodland vegetation. 

The salt marshes in Lamlash (type (ii); 55o 32.623 N, 5o 6.178 W) and Blackwaterfoot 

(type (ii); 55o30.514 N, 5o 21.514 W) were both formed on top of bedrock, which causes a 

very uneven topography in some places.  Lamlash is protected due to the shape of the bay 

itself, and the presence of Holy Isle, at the opening of the bay.  Blackwaterfoot was more 

exposed, with little protection from oncoming waves, and also was bound on the landward 

side by a golf course.  Both sites had a transition, into terrestrial grassland vegetation.   

The salt marshes in Kildonan were formed on top of boulder fields (type (iii); 55o 26.371 

N, 5o 9.816 W), with patches of vegetation growing in between the boulders.  The area 

was highly exposed with a large fetch stretching into the Irish Sea; however the presence 

of boulders attenuates much of the wave energy, allowing sediment to settle.  Unlike the 

other study locations, there is no transition into terrestrial vegetation, with areas of salt 

marsh isolated from areas further inland, by areas of the boulder field above the high shore 

strand line. 
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2.2 Sampling design 

Prior to vegetation surveys, sites were visited to identify patterns of vegetation zonation.  

Individual zones were identified by eye, by looking for differences in vegetation height, 

colour and texture (Rodwell 2006).  Three zones of vegetation were identified at 

Lochranza, two zones at both Blackwaterfoot and Lamlash, and one at Kildonan.  Zones 

were identified as low, mid or high marsh, with low being the closest to the sea.  The 

perimeter of each zone was recorded using the track function on a Garmin eTrex 20 GPS 

(http://www.garmin.com/en-GB).  The resulting tracks were input into ArcMap 10.2.2, 

and converted into polygons representing each zone, using the GPX to features tool.  The 

study used a stratified random sampling scheme.  Each zone per marsh was sampled using 

five to eight, randomly distributed 2x2m quadrats, as is standard practice for NVC 

surveying in salt marshes.  Quadrat replication within each vegetation zone varied 

depending on the size of the zone, ensuring enough replicates were taken to form a 

representative sample.  Randomisation of quadrat location was done using the Generate 

Random Points tool, in ArcMap 10.2.2 (for salt marsh vegetation zonation pattern and 

quadrat location, see Appendices 1 – 4).  The following parameters were recorded in each 

quadrat. 

 

2.2.1 Vegetation cover and diversity 

Vegetation cover and diversity was recorded using standard NVC methodology (Rodwell 

2006).  Vegetation cover was recorded using the Domin scale of cover.  The % cover of 

each species was estimated and then converted to the corresponding Domin number (Table 

1).  This method of using the Domin scale rather than a pure percentage allows for some 

level of error when estimating % coverage, due to the range of percentages in each 

category. 
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Table 1: Percentage cover of vegetation and corresponding Domin number 

% Cover Domin 

91-100 10 

76-90 9 

51-75 8 

34-50 7 

26-33 6 

11-25 5 

4-10 4 

<4 (many individuals) 3 

<4 (several individuals) 2 

<4 (few individuals) 1 

 

Height of vegetation was measured in cm, from the ground to the highest point using a 

tape measure.  Finally, a 20x30cm area of vegetation was cut at the base, blotted dry using 

absorbent tissue paper, and then weighed, in grams, using a field balance, to measure the 

above ground vegetation, wet biomass.  

 

2.2.2 Environmental parameters 

Five environmental parameters were recorded per quadrat.  Depth of marsh sediment was 

estimated by measuring the depth a steel rod could be hammered into the sediment before 

hard substrate was met.  Effect of sediment depth on vegetation has not been previously 

investigated in salt marshes.  Studies in other vegetation types have shown that a change 

in sediment depth effects the drainage properties of the soil, which does have a major 

influence on salt marsh vegetation (Kucera & Martin 1957).  Sediment pH was measured 

in the field.  Soil pH in salt marshes is generally influenced by a combination of organic 

matter content (acidic) and salinity (alkaline) (Cott et al. 2013).  Given the high peat 

content of the freshwater runoff in the Isle of Arran, it presents an opportunity to assess 

the impact of soil pH, independent of organic matter and salinity, as it may be influenced 

by other factors.  Sediment was extracted from approximately 15cm depth using a 10cm 

diameter corer (Cott et al. 2013).  Sediment was taken from this depth as the top 5cm of 

sediment is likely to fluctuate depending on tides and freshwater input, and sediment 
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below 30cm is often deeper than the plant roots, therefore will have little effect on plant 

growth.  Approximately 10g (weighed using a field balance) of wet sediment was taken 

from the core, and mixed, in a beaker, with distilled water in a 1:5 volumetric ratio 

(Gavlak et al. 2000).  The following suspension was allowed to settle for around five 

minutes, as specified in pH meter instructions, before pH was recorded, to two decimal 

places, using a Lutron pH Meter (Model: PH-220; http://www.lutron.com.tw/Default.asp).  

The remainder of the sediment samples were placed in airtight sample bags, and kept in 

cold storage until they could be analysed in a lab. 

 

2.3 Lab analysis 

Approximately 30g of wet sediment was air dried for 40 hours at 85oC.  The dried 

sediment was divided into two portions: one to analyse the salinity of the soil, the other to 

analyse the organic matter and granulometry of the soil.  As stated above, salinity is a 

major driver in salt marsh vegetation, as is the moisture content of the soil, which is 

heavily influenced by grain size and organic matter content. 

 

2.3.1 Salinity  

The dry sediment was weighed, and mixed with distilled water in a 1:5 weight ratio.  The 

resulting suspension was allowed to settle, before the salinity was measured in % salinity, 

to two decimal places, using a Lutron Salt Meter (Model: PSA-311; 

http://www.lutron.com.tw/Default.asp).  True salinity was then calculated by multiplying 

the output by five.  

 

2.3.2 Organic matter and granulometry  

The dried sediment was weighed, in grams to four decimal places, and placed in a muffle 

furnace at 450oC for three and a half hours to burn off organic matter, before being turned 

down to 100oC, to allow the sediment to cool without taking on moisture, for 20 hours 

(Gavlak et al. 2000).  

The remaining sediment was weighed, in grams to four decimal places.  The organic 

matter content of the soil was calculated using the following formula: 
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 % 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 =
(𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑏𝑢𝑟𝑛𝑖𝑛𝑔−𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑏𝑢𝑟𝑛𝑖𝑛𝑔)

𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑏𝑢𝑟𝑛𝑖𝑛𝑔
 

For granulometry, the burnt sediment (minus organic matter) was lightly ground using 

pestle and mortar, to break up clumps of sediment without breaking up individual 

particles.  Sediment was passed through graduated sieves with mesh sizes 6.7mm, 5.6mm, 

4mm, 2mm, 1.4mm, 1mm, 0.71mm, 0.5mm, 0.355mm, 0.25mm, 0.18mm, 0.125mm, 

0.09mm and 0.063mm.  Mesh sizes were selected according to the φ scale (Rufino et al. 

2004).  Grain size was converted into % mud (<0.063mm) in the sediment, so a single 

value of granulometry could be used in the analysis. 

 

2.4 Statistical analysis 

Statistical analysis was carried out using the statistics programs PRIMER6 and IBM SPSS 

Statistics 22. 

 

2.4.1 Trends in environmental variables 

Principal Component Analysis (PCA), was used to test for trends in environmental 

variables within each individual zone at the four survey sites.  As each environmental 

parameter was recorded using a different unit of measurement, the data was normalised in 

PRIMER 6 prior to analysis.  At sites where more than one zone of vegetation was 

surveyed, a one-way ANOVA, followed by a post hoc Tukey test for multiple comparison 

of significant tests, was used to test for differences in each environmental characteristic 

between zones in the same site.  This was carried out to test for statistically significant 

differences in environmental characteristics between different zones at each site, in 

addition to the qualitative output generated by the PCA.  Soil pH was analysed for Pearson 

Correlations with all other environmental variables, in an attempt to assess what was 

driving soil pH. 

 

2.4.2 Vegetation community structure similarities and environmental drivers 

Multidimensional Scaling (MDS) was used to test for similarities in the vegetation 

community structures of each individual zone of vegetation at all surveyed sites.  The 
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MDS plot represented a Bray-Curtis similarity matrix, of vegetation community data that 

had been transformed using a square root transformation.   

Simper analysis was used to assess the level of similarity of quadrats within individual 

zones, to show how uniform the community structures within zones was.  The extent of 

the difference in vegetation community structure was analysed using ANOSIM.  This was 

carried out to assess the differences between zones at different heights within the same salt 

marsh, and the differences between zones at similar heights at different salt marshes.  For 

the purposes of the ANOSIM, the single zone surveyed at Kildonan was treated as a low 

marsh zone. 

A Best Analysis was carried out to show what combination of environmental variables had 

the strongest influence on community structure, and the percentage of the variation in 

community structure that was explained by the environment.  The MDS plot was also 

overlaid with environmental data, through a bubble plot.  This gave a visual representation 

of the influence of environmental variables on vegetation community structure. 

 

2.4.3 Influence of environmental drivers on vegetation indices 

Multiple linear regression was used to test for significant relationships between 

combinations of environmental variables and vegetation indices.  For pairs of parameters 

that were strongly correlated, only one parameter was included in the test.  Degree of 

correlation between environmental parameters was assessed prior to the analysis using 

regression analysis. 

Finally, ANCOVA was used to test for differences between relationships of environmental 

variables and vegetation indices.  Only environmental variables that had a significant 

influence on vegetation indices, from the multiple regression, were used in this analysis. 
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3 Results 

3.1 Trends in environmental variables 

Environmental variables within individual zones did vary slightly, although zones were 

distinct from one another (Figure 4).  At salt marsh locations where more than one zone of 

vegetation was surveyed (Lochranza, Lamlash and Blackwaterfoot), differences were 

noted between the zones (Figure 5).  Depth of sediment and soil pH varied at all three sites 

where more than one zone of vegetation was surveyed.  Sediment was deeper, with lower 

pH in the high zones at Lochranza and Lamlash, but shallower with higher pH in the high 

marsh at Blackwaterfoot.  Soil salinity was highest in the low marsh at all three locations.  

Lochranza, the only site to have more than two zones of vegetation surveyed, showed a 

decrease in salinity every time the height of a zone increased.  The percentage mud (% 

mud) and percentage organic matter (% organic matter) content in the sediment was 

highest in the high marsh at both Lochranza and Lamlash, but higher in the low marsh at 

Blackwaterfoot.   

 

Figure 4: Principal component analysis (PCA) of environmental variables, soil pH (pH), soil salinity 

(Salinity), soil % organic matter (Organic), soil % mud (Mud), and soil depth (Depth), in vegetation zones in 

low (L) mid (M) and high (H) salt marsh in the Isle of Arran.   

Significant differences in environmental variables between different zones at the same 

location were found at Lochranza, for sediment depth, % mud and % organic matter, at 

Lamlash for sediment salinity, and at Blackwaterfoot for % mud (Table 2).  At Lochranza, 
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the depth of sediment in the high marsh was significantly greater than both the mid (Tukey 

test p=0.03) and low marsh (Tukey test p=0.025).  There were also significant differences 

between the high and low marsh for % mud (Tukey test p=0.01) and % organic matter 

(Tukey test p=0.022).   

 

Table 2: One-way ANOVA, testing for significant differences in environmental variables between zones of 

vegetation, within the same salt marsh location. *Significant to the 0.05 level 

    Location Environmental Variable df F p 

Lochranza Sediment Depth 14 9.661 0.030* 

Soil salinity 14 1.010 0.393 

Soil pH 14 2.932 0.092 

Soil % mud 14 10.882 0.002* 

Soil % organic matter 14 6.878 0.010* 

Lamlash Sediment Depth 12 2.418 0.148 

Soil  salinity 12 10.549 0.008* 

Soil pH 12 0.135 0.072 

Soil % mud 12 1.599 0.232 

Soil % organic matter 12 1.328 0.274 

Blackwaterfoot Sediment Depth 12 0.707 0.418 

Soil salinity 12 1.940 0.191 

Soil pH 12 1.619 0.229 

Soil % mud 12 6.885 0.024* 

Soil % organic matter 12 0.341 0.571 

 

The environmental variables at Lochranza were the most unique of all the locations, with 

all three zones of vegetation showing higher salinity, % organic matter and % mud than 

any other survey locations (Figure 4).  The environment within zones at Lamlash, 

Blackwaterfoot and Kildonan were more uniform, all of which had higher pH and deeper 

sediment than Lochranza (Figure 4).   
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Soil pH was positively correlated with sediment depth, negatively correlated with soil 

salinity, % mud and % organic matter (Table 3).  A combination of soil salinity and % 

organic matter explained the most variation in soil pH:  multiple linear regression showed 

pH to increase as both soil salinity and organic matter decreased (Table 4). 

 

Table 3: One-way ANOVA, testing for significant differences in environmental variables between zones of 

vegetation, within the same salt marsh location. *Significant to the 0.05 level 

 Pearson 

correlation 

p N 

Sediment depth 0.345* 0.019 46 

Soil salinity -0.527* <0.001 46 

% Mud -0.438* 0.002 46 

% Organic matter -0.434* <0.001 46 

  

 

Table 4: Summary of the model using variation in soil salinity and % organic matter as a predictor of soil 

pH.   Environmental variables sediment depth, soil salinity, soil % mud and soil % organic matter were all 

analysed for significant interactions with pH.  Only soil salinity and organic matter were included in the 

model.  For excluded variables, see Appendix 6. 

Model Coeff. DF F p 

Soil Salinity -.0303  

45 

 

13.106 

 

<0.001 % Organic 

Matter 

-0.008 

(Constant) 6.894 
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3.2 Vegetation community composition, and similarities within and 

between zones 

The levels of similarities of vegetation communities within individual zones varied across 

all sites (Figure 6).  The high zone at Lamlash was homogenous in composition: it had the 

highest average similarity between quadrats; in contrast, the high zone at Blackwaterfoot 

was relatively heterogeneous in composition (Table 5). 

  

e) 

Figure 5 : Environmental variables a) sediment depth (cm), b) soil salinity (%), c) soil pH, d) soil % mud 

and e) soil % organic matter, with standard deviation error bars, at high, mid and low salt marsh zones, in 

Lochranza, Lamlash and Blackwaterfoot, in the Isle of Arran 
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Table 5: Results of Simper analysis, showing the average similarity between quadrats within an individual 

zone of vegetation 

Location Zone Average similarity (%) 

 

Lochranza 

Low 67.14 

Mid 71.98 

High 68.31 

Lamlash 

 

Low 53.59 

High 72.10 

Blackwaterfoot Low 53.94 

High 35.10 

Kildonan  67.78 

 

Vegetation community composition varied significantly between zones at the same 

location (Table 6), and between zones at similar marsh height in different marsh locations 

(Table 7).  The low and mid zones of Lochranza were the most similar (Table 6: lowest R 

statistic).  The similarity between the high zone and the mid or low zone of Lochranza was 

much greater (Table 6).  The lowest similarity between zones at the same location was 

between the low and high zones at Lamlash (Table 6).   

 

Table 6 : ANOSIM comparing vegetation community structures between zones of vegetation in Isle of Arran 

salt marshes. *Significant to 0.05 level 

Location Zones compared R Statistic p 

Lochranza Low and Mid 0.312* 0.016 

Lochranza Low and High 0.968* 0.008 

Lochranza Mid and High 0.984* 0.008 

Lamlash Low and High 0.996* 0.002 

Blackwaterfoot Low and High 0.705* 0.002 
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Table 7 : ANOSIM comparing vegetation community structures between Isle of Arran salt marsh locations, 

at similar marsh height. *Significant to 0.05 level 

Zone Locations compared R Statistic p 

Low Lochranza and Lamlash 0.367* 0.007 

Low Lochranza and Blackwaterfoot 0.817* 0.003 

Low Lochranza and Kildonan 0.992* 0.008 

Low Lamlash and Blackwaterfoot 0.194* 0.014 

Low Lamlash and Kildonan 0.541* 0.004 

Low Blackwaterfoot and Kildonan 0.503* 0.003 

High Lochranza and Lamlash 0.092* 0.008 

High Lochranza and Blackwaterfoot 0.864* 0.008 

High Lamlash and Blackwaterfoot 0.704* 0.008 

 

The most common plant species in the low marsh over all locations was Glaux maritima, 

Juncus gerardii and Armeria maritima, which combined to represent 66.31% of the total 

abundance.  The high marshes were dominated by Argentina anserina, Bolboschoenus 

maritimus and Cochlearia officinalis, which combined to represent 74.56% of the 

abundance.  Festuca rubra was the only common species in the low and high marsh, 

accounting for 8.68% and 8.63% of the abundance respectively.  The dominant species in 

each individual zone are summarised in Table 8.  For full list of species at each location, see 

Appendix 5.   
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Table 8: Dominant species in each vegetation zone, and their % contribution to the community composition 

Location Zone Species % contribution 

 

 

Lochranza 

Low Glaux maritima 55.88 

Festuca rubra 31.55 

Mid Festuca rubra 45.24 

Armeria maritima 42.18 

High Bolboschoenus maritimus 77.03 

Festuca rubra 19.32 

 

Lamlash 

Low Glaux maritima 42.72 

Armeria maritima 17.68 

High Argentina anserina 44.36 

Bolboschoenus maritimus 19.09 

 

Blackwaterfoot 

Low Glaux maritima 32.01 

Triglochin maritima  25.83 

High Lotus corniculatus  30.05 

Argentina anserina 26.97 

Kildonan  Juncus gerardii 35.67 

Glaux maritima 16.44 

 

Figure 6 indicated that local environment had an association with vegetation community 

structure.  Soil salinity, % organic matter and % mud appear to have the strongest 

relationships with community structure.   

Best analysis showed that the combination of environmental variables that accounted for 

most variation in community structure was sediment depth, soil salinity and % mud.  

Although this combination explained the highest percentage of the variation in the 

vegetation community, it only accounted for 34.6% of the variation in community 

structure.  A combination of all recorded environmental variables accounted for 31.2% of 

the variation in community structure. 
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Figure 6 : a) MDS plot of vegetation community structure in high (H) mid (M) and low (L) salt marsh zones, 

in Isle of Arran salt marshes, and bubble plots showing environmental variables b)sediment depth (cm), c) 

soil pH, d) soil salinity (%), e) soil % mud and f) soil % organic matter, interaction with community 

structure.  Vegetation abundance data transformed using square root transformation and processed using 

Bray-Curtis similarity matrix. 

 

(a) (b) 

(e) (f) 

(c) (d) 
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3.3 Trends in vegetation indices and environment 

Vegetation biomass increased with marsh height, in all marshes where more than one zone of 

vegetation was surveyed (Figure 7).  The highest biomass was recorded in the single zone at 

Kildonan, whereas the lowest was recorded at the low zone in Lochranza (Figure 7).  Species 

richness decreased with marsh height at all locations where more than one zone of vegetation 

was surveyed, with the low zone at Blackwaterfoot containing the highest number of species 

(Figure 7).  Significant differences were found between zones at the same location for 

vegetation biomass at Lochranza and Lamlash, and for species richness at Blackwaterfoot 

and Lamlash (Table 9). 

 

Table 9 : One-way ANOVA, testing for significant differences in vegetation biomass and species richness, 

between zones of vegetation, within the same salt marsh location. *Significant to the 0.05 level 

    Location Parameter df F p 

Lochranza Biomass 14 1534.843 <0.001* 

Species Richness 14 1.652 0.232 

Lamlash Biomass 12 13.292 0.004* 

Species Richness 12 13.810 0.003* 

Blackwaterfoot Biomass 12 0.164 0.694 

Species Richness 12 9.013 0.012* 

 

At Lochranza, the vegetation biomass in the high marsh was significantly greater than both 

the mid (Tukey test p<0.001) and low marsh (Tukey test p<0.001). 

Variation in vegetation biomass was best explained by a combination of the variation in soil 

pH and % mud: multiple linear regression showed biomass to increase with both soil pH and 

% mud.  Variation in species richness was best explained by the % mud in the soil alone, with 

species richness decreasing with an increase in % mud (Table 10). 
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Table 10 : Summary of multiple regression, assessing environmental variables interactions with vegetation 

biomass and species richness.  Environmental variables sediment depth, soil salinity, soil pH, soil % mud and 

soil % organic matter were all analysed.  Only soil pH and % mud were included in the model.  For excluded 

variables, see Appendix 7. 

Vegetation Biomass Species Richness 

Model Coeff. DF F p Model Coeff. DF F p 

pH 36.76 

45 5.983 0.005 

% mud -0.071 

45 24.45 <0.001 % mud 0.739 (Constant) 5.224 

(Constant) -207.5   

 

Pearson Correlation also showed biomass to have significant correlations with soil salinity 

(Pearson Correlation = -0.316; p = 0.016; N = 46) and species richness to have significant 

correlations with soil salinity (Pearson Correlation = -0.332; p = 0.012; N = 46), soil pH 

(Pearson Correlation = 0.372; p = 0.005; N = 46) and % organic matter (Pearson Correlation 

= -0.555; p <0.001; N = 46). 
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Figure 7 : Vegetation parameters, a) biomass and b) species richness, at high, mid and low marsh zones on Isle 

of Arran salt marshes 

a) 

b) 
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4 Discussion 

4.1 Environmental variables  

Environmental parameters changed consistently with marsh height at marsh locations where 

more than one zone of vegetation was present (Lochranza, Lamlash and Blackwaterfoot).  

Salinity increased as marsh height decreased at these locations.  Studies in warmer regions 

have concluded that soil salinity increases with marsh height, this being associated with 

greater levels of evaporation in areas that are covered by the tides for the shortest time, 

allowing interstitial salinity to concentrate (Silvestri et al. 2005, Wang et al. 2007).  However, 

freshwater input has also been shown to change levels of soil salinity, particularly at higher 

elevations.  DeRijk (1995) observed negative correlations between salinity and elevation, in 

Massachusetts salt marshes, where creeks were common.  Horton & Murray (2007) reported 

fluctuations in soil salinity on a seasonal basis, due to weather patterns, in salt marshes in 

northeast England.  This seasonal effect could have been exaggerated in summer 2015, as 

rainfall was 18% greater, and temperature 0.7% lower than 1981 to 2010 averages for the 

west of Scotland (Met Office 2015b).  As a result, soil salinity at these locations, particularly 

at higher elevations, was lower than that in other studies (Silvestri et al. 2005, Wang et al. 

2007, Cott et al. 2013) 

At Lochranza and Lamlash the % organic matter and % mud is highest in the high marsh.  In 

1997, Minello and Webb suggested that there was a positive correlation between soil organic 

matter content and salt marsh age.  This would indicate that the high zones in these locations 

had been established for a longer period than the lower levels.  Studies have shown that the 

majority of sedimentation occurs in the high marsh, where flocculated fine sediment particles 

are allowed to settle due to the reduced disturbance amongst the vegetation.  The remainder 

of the sedimentation occurs in the low mash, where larger, single particles settle 

(Christiansen et al. 2000, Davidson-Arnott et al. 2002).   

Conversely, at Blackwaterfoot, the % of fine sediment and % of organic matter was highest 

in the low marsh, although the differences in organic matter were minor.  Given that this 

trend is different from the other locations in the study, it is possible that there were some 

other, unrecorded environmental factors influencing the soil at this location.   

Across these three locations, soil pH is generally lowest in the low marshes, and soil was 

consistently acidic across all zones.  Multiple regression showed that pH is best explained by 

salinity and % organic matter.  This was expected, as the acidity of organic matter decreases 
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pH (Cott et al. 2013), whereas increasing salinity increases pH (Duarte et al. 2013).  

However, in this study, regression indicated that acidity increased as both salinity and organic 

matter increased.  Soil pH can be influenced by a number of factors, such as organic matter 

(Cott et al. 2013), or levels of clay, with its associated minerals such as the alkaline earths, 

magnesium and calcium (Néel et al. 2003).  Although Pearson correlations showed than % 

mud and pH had a negative interaction over the whole study, Figure 5 suggests that, within 

individual marshes, higher pH does coincide with higher % mud.  This may therefore be 

another factor driving the pH at these locations.  The freshwater runoff from the hills in Arran 

a high peat content, which could decrease the pH of soil.  However this would be expected to 

have a stronger influence on the high marsh, where the freshwater influence is higher, as 

indicated by the lower salinity. 

Across all locations, Lochranza had the highest levels of organic matter in all zones.  This 

indicates that Lochranza is the most mature marsh in the study (Minello & Webb 1997).  

Lochranza also has the highest levels of salinity, again across all zones.  This could be caused 

by the high levels of mud and organic matter, which retain more water than larger sediment 

particles, due to smaller interstitial spaces and lower porosity (McLachlan & Turner 1994). 

In contrast to Lochranza, Lamlash and Blackwaterfoot, only a single zone of vegetation was 

present at Kildonan and therefore environmental changes with marsh height could not be 

observed.   

 

4.2 Vegetation community composition and drivers 

The vegetation community structure within each zone at Lochranza had, collectively, the 

highest similarity.  This is despite PCA indicating that there is a degree of environmental 

heterogeneity within these zones.  This high similarity could therefore be associated with the 

level terrain of the location, which also supports the theory that it is the most mature location 

in this study (French 1993).  Cott et al (2013) suggested that Juncus spp. were common in 

salt marshes with high organic matter in the soil.  However, these species were notably absent 

from Lochranza, despite the high levels of organic matter that were present. 

The low marsh zone at both Lamlash and Blackwaterfoot, had a much less similar 

community structure.  In 1999, Zedler et al, observed a change in salt marsh community 

composition in areas where topography was heterogeneous (Zedler et al. 1999), which 
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supports the current findings.  The topography was likely caused by the presence of the 

uneven, underlying bed rock, resulting in differences in marsh height, and therefore soil 

salinity and moisture, within a single quadrat.  If this is the case, it could explain why the 

vegetation community similarity at Lamlash and Blackwaterfoot, is much lower than that at 

Lochranza where the marsh height was much more consistent (Silvestri et al. 2005).  Any 

such environmental changes, caused by variations in marsh height within a quadrat, were not 

recorded in this study.  This could be the result of measuring environmental variables from a 

single point within the quadrat, whereas the vegetation was surveyed over the whole 2x2m, 

allowing enough space for changes in height.  A potential solution to this problem for future 

studies on uneven salt marshes could be to use a smaller quadrat size, which would minimise 

variation in the topography. 

The similarity in vegetation community structure at Lamlash increased with marsh height.  

Assuming the low similarity in the low marsh was caused by an uneven terrain, it is possible 

that the deeper sediment in the high marsh resulted in levelling of the surface (French 1993), 

reducing the variation in the environment, making it suitable for fewer species (Silvestri et al. 

2005).  Conversely, at Blackwaterfoot, the community similarity decreased with marsh 

height.  As has already been discussed above (Section 4.1) the high marsh is potentially being 

affected by other factors, resulting in anomalies in the environmental trends.  A potential 

source of these differences could be the golf course on the landward side of the marsh, which 

would increase nutrient runoff and nutrients from fertilizer.  Van Wijnen and Bakker (1999), 

demonstrated that vegetation community composition was changed by the input of fertilizers, 

and favoured species typical of later stages of succession.  At Blackwaterfoot, an increase in 

nutrients could explain the presence of species that are more commonly observed in 

terrestrial environments, such as Lotus corniculatus. 

The single zone at Kildonan had a high level of vegetation community similarity.  Although 

the marsh at this location exists amongst a boulder field, the patches of vegetation grew in 

between, rather than on top of, the boulders, meaning the height of the marsh may not 

affected by the rock as much as Lamlash or Blackwaterfoot (Zedler et al. 1999). 

Significant differences in community structure were found between all vegetation zones 

within the same location.  This indicates that the variation in the environment, between zones, 

that was recorded has had an effect on the vegetation community.  It also provides evidence 

to suggest that a pattern of zonation does exist at the locations surveyed.   
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Significant differences in community structure were also found between zones of similar 

heights, but at different locations, showing that the variations in environment between 

locations is affecting community structure.  Despite the recorded differences in the 

environment, the low zones between Lamlash and Blackwaterfoot were the most similar, 

suggesting similar topography and underlying geology, a rocky shore at both sites, has led to 

similar vegetation communities (Zedler et al. 1999).  The high zones between Lamlash and 

Blackwaterfoot had much lower community similarity.  This again could be associated with 

other, unrecorded, environmental influences at Blackwaterfoot, potentially from the golf 

course.  The low zones between Lochranza and Kildonan had the lowest community 

similarity, which could be partly caused by the differences in terrain and underlying geology 

between the sites.   

A combination of sediment depth, soil salinity and soil % mud best explained the variation in 

community structure, although graphical evidence suggested that soil % organic matter also 

had an interaction with community structure.  However the combination of these three 

environmental variables only explained 34.6% of the variation.  This suggests that there were 

other significant environmental drivers that were not assessed in this study, one of which 

could be nutrient availability (Deegan et al. 2007).   

Two of the strongest drivers of salt marsh community structure are soil salinity and moisture 

content (Bertness & Ellison 1987), both of which are either directly (salinity) or indirectly 

(moisture) explained by the environmental variables found to have an impact on community 

in this study.  High % mud in the soil reduces size of interstitial pores, and increases the soils 

ability to retain water (McLachlan & Turner 1994).  High % of organic matter has a similar 

impact on water retention, allowing the soil to store more water (Cott et al. 2013).  Soil depth 

is also considered to be a controlling factor in moisture levels, as shallow bed rock will 

reduce the available space for water to move, resulting in higher moisture contents in the soil 

(Kucera & Martin 1957).  Shallow bed rock also limits the depth that plant roots can 

penetrate, therefore selecting against larger plants with deeper roots (Kucera & Martin 1957).   

Despite pH being lowest in the low marsh, the opposite of what was expected, it had little 

interaction on community structure. It can therefore be concluded that pH as an independent 

factor has little interaction with salt marsh community structure. 
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4.3 Vegetation biomass and species richness 

Across Lochranza, Lamlash and Blackwaterfoot, vegetation biomass increased with marsh 

height.  Other studies have shown that plant biomass decreases with marsh height (Edwards 

& Mills 2005, Kulawardhana et al. 2015), however this has been in reference to a single 

species of vegetation.  At the locations in this study, a change in marsh height has changed 

the vegetation community structure, favouring large, competitively stronger plants in the high 

marsh.   

The greatest plant biomass was recorded at Kildonan, where the plant community was 

dominated by the large rush, Bolboschoenus maritimus, whereas smaller plants and grasses 

such as Glaux maritima and Festuca rubra were more common in other locations.   

Results showed species richness decreased with marsh height.  Species richness has often 

been observed to increase with marsh height, as a decrease in stress favours a greater number 

of less specialised species (Silvestri et al. 2005).  However, soil salinity at these locations was 

generally low, possibly due to the high freshwater influence, causing a low stress 

environment in the high marsh, which was dominated by a small number of competitive 

species (Brewer et al. 1997).  The highest species richness was recorded in the low zone at 

Blackwaterfoot, which was likely caused by the uneven terrain of the rocky shore, resulting 

in a diverse, mosaic community structure (Zedler et al. 1999). 

Vegetation biomass was best explained by a combination of soil pH and soil % mud, both of 

which had positive interactions.  Soil pH was the strongest driver of the two, and suggests 

that pH as an independent factor does have an effect on plant biomass.  It is likely that the % 

mud is being driven by the vegetation biomass, rather than vice versa, as larger plants will 

reduce the water flow and allow smaller particles to settle (Davidson-Arnott et al. 2002).  

Species richness is best explained by the % mud in the soil, with the two having a negative 

interaction.  Again, the % mud could be being driven by the species richness, as the lower 

number of species is likely dominated by large, competitive plants that will allow smaller 

sediment particles to settle (Davidson-Arnott et al. 2002).    

 

4.4  Conclusions 

As hypothesised, changes in marsh elevation did result in a change in environmental 

variables, in particular, soil salinity, which decreased with elevation.  However, salinity did 
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not cause an increase in soil pH as expected, and pH decreased with increased salinity.  The 

drivers behind pH were not clear in this study, however organic matter and percentage of clay 

in the soil could have an influence.  Despite the hypothesis for the pattern of soil pH not 

being supported by the findings, pH did not have a significant effect on vegetation 

community composition as an independent variable.  The vegetation community composition 

was driven by soil salinity, sediment depth, and percentages of mud and organic matter, 

however this explained only a small amount of the variation.  This suggests that other, 

unrecorded, significant drivers are present, which could include nutrient availability.  Another 

possible driver of community composition is the underlying geology (shallow bed rock or 

boulder field) of the salt marshes, which could be investigated in further research.  As 

hypothesised vegetation biomass did increase with marsh elevation, due to the larger plant 

species able to inhabit higher areas.  Conversely the hypothesis that species richness would 

increase with elevation was not supported by the findings.  This could be caused by the high 

freshwater input decreasing salinity, therefore allowing less salt tolerant, but more 

competitive plants to become established, which could again be investigated further in future 

studies. 
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6 Appendices 

6.1  Appendix 1 - Vegetation zones and quadrat locations at Lochranza 
a) location of Lochranza on Arran; b) Lochranza high (pink), mid (blue) and low (yellow) 

vegetation zone, and quadrat locations (red points) 

 

 

 

 

 

 

 

 

 

 

 

6.2 Appendix 2 - Vegetation zones and quadrat locations at Lamlash 
a) location of Lamlash on Arran; b) Lamlash high (pink) and low (yellow) vegetation zone, 

and quadrat locations (red points) 

 

 

 

 

 

 

 

 

 

 

 

6.3 Appendix 3 - Vegetation zones and quadrat locations at Blackwaterfoot 
a) location of Blackwaterfoot on Arran; b) Blackwaterfoot high (pink) and low (yellow) 

vegetation zone, and quadrat locations (red points) 

a) b) 

a) b) 
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6.4 Appendix 4 - Vegetation zones and quadrat locations at Kildonan 
a) location of Kildonan on Arran; b) Lochranza single vegetation zone (yellow), and quadrat 

locations (red points) 

 

 

 

 

 

 

 

 

 

 

a) b) 
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6.5 Appendix 5 – Vegetation species at each salt marsh location 

6.5.1   Lochranza 

Armeria maritima 

Bolboschoenus maritimus 

Cochlearia officinalis 

Festuca rubra 

Glaux maritima 

Pelvetia canaliculata 

Plantago maritima 

 

6.5.2 Lamlash 

Argentina anserina 

Armeria maritima 

Aster tripolium 

Bolboschoenus maritimus 

Cochlearia officinalis 

Festuca rubra 

Glaux maritima 

Juncus gerardii 

Plantago maritima 

Triglochin maritima 

 

6.5.3 Blackwaterfoot 

Argentina anserina 

Armeria maritima 

Carex arenaria 

Carex binervis 

Cochlearia officinalis 

Euphrasia nemorosa 

Festuca rubra 

Glaux maritima 

Juncus gerardii 

Juncus maritimus 
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Lotus corniculatus 

Lychnis flos-cuculi 

Plantago lanceolata 

Plantago maritima 

Ranunculus acris 

Trifolium repens 

Triglochin maritima 

 

6.5.4 Kildonan 

Argentina anserina 

Armeria maritima 

Bolboschoenus maritimus 

Cochlearia officinalis 

Glaux maritima 

Juncus gerardii 

Triglochin maritima 

 

6.6 Appendix 6 – Excluded environmental variables for multiple 

regression model describing pH 
 

Excluded variable t p 

Sediment Depth 1.573 0.123 

% Organic Matter -0.389 0.700 

 

6.7 Appendix 7 – Excluded environmental variables for multiple 

regression model describing vegetation biomass and species richness 
 

Vegetation Biomass Species Richness 

Excluded variable t p Excluded variable t p 

Sediment Depth 0.577 0.567 Sediment Depth -0.002 0.999 

Soil Salinity -1.276 0.209 Soil Salinity -1.308 0.198 

% Organic Matter 0.143 0.877 Soil pH 1.016 0.316 

   % Organic Matter -0.764 0.449 
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