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Summary

Coastal grasslands, such as salt marshes and sand dunes, provide many important
ecosystem services including ‘supporting services’ (soil formation, primary productivity
and nutrient cycling), ‘provisioning services’ (fresh water supply, food and fibre
products, bio-chemical or genetic resources), ‘regulating services’ (equable climate,
pollution control, flood prevention, invertebrate pollination and pest regulation) and
‘cultural services’ (recreation, education and aesthetic appreciation). Historically, salt
marsh and sand dune grasslands were commonly used as agricultural livestock grazing
land. Currently, some of these coastal grasslands are ‘conservation grazed’ (i.e.
extensively grazed to maximise plant diversity and to provide a suitable habitat for
over-wintering bird species), others have been ‘abandoned’ (i.e. large herbivores
removed) due to the removal of agricultural subsidies or remain historically ‘un-
grazed’. Grazing management of coastal grasslands influences biological and physical
habitat characteristics, ecosystem function, biodiversity and ecosystem service
delivery. Understanding the impact of grazing is therefore vital to enable future robust
management recommendations. Biodiversity is often used as an indicator of ecosystem
health and ecosystem service provision with conservation priorities allocated
accordingly. It is therefore essential to critically assess just how important biodiversity
is to the provision of ecosystem services within a wide range of habitats. The review
chapter draws together evidence for this argument from salt marsh and sand dune
habitats with the conclusion that functional diversity and composition are more
important than biodiversity per se (Chapter 2). The experimental chapters of this thesis
deal with the impact of grazing upon temperate salt marsh and sand dune grassland
biodiversity and ecosystem service provision. ‘Grazed’ (cattle grazed < 8 cm) and
historically ‘un-grazed’ upper salt marsh plots were compared. ‘Fully grazed’ (ponies
0.2 ha, cattle 0.05 ha™ and rabbits 45 ha™), ‘rabbit grazed’ and ‘un-grazed’ (for 8
years) fixed sand dune grassland plots were also evaluated. Firstly, how grazing
management affected ecosystem service provision of sand dune grassland was
examined, by measuring a wide range of biophysical variables as proxies for ecosystem
services (Chapter 3). ‘Supporting’ and ‘regulating’ services were provided
predominantly by the un-grazed, ‘provisioning’ and ‘cultural’ services by the extensively
grazed grassland. Secondly, the impact of short sward cattle grazing on the abundance,
composition and diversity of the ground dwelling invertebrate community of an upper
salt marsh was assessed using pitfall traps (Chapter 4). The findings showed that both
cattle grazed and un-grazed saltmarsh habitat should be maintained to maximise
invertebrate abundance and diversity and provide suitable habitat for coastal
specialists. Thirdly, greenhouse gas emissions from grazed and un-grazed salt marsh
were measured monthly for one year. Additionally, below-ground gas sampling tubes
were used to measure soil methane concentrations (Chapter 5). Carbon dioxide efflux
was greater from the un-grazed marsh soil but ‘hotspots’ of methane efflux were only
found on the grazed marsh. Finally, the influence of grazing on the soil microbial
community of both salt marsh and sand dune grasslands was measured by microbial
biomass (fatty acid phospholipids: PLFAs), bacterial growth rate (Leucine incorporation)
and respiration rates (Chapter 6). Microbial biomass, PLFA markers and bacterial
growth rate were all influenced by grazing management. In summary, this work
concludes that grazing management clearly affects biological and physical habitat
characteristics, biodiversity, ecosystem function and ecosystem service delivery
(Chapter 7). Management of coastal grasslands evidently involves trade-offs between
biodiversity conservation and multiple ecosystem service provision.
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Thesis introduction Chapter 1

Chapter 1: Thesis introduction

Hilary Ford

1.1 Overview

Coastal grasslands, such as salt marshes and sand dunes, provide many important
ecosystem services including carbon storage, coastal protection and recreation.
Historically, both grassland habitats were commonly used as agricultural livestock
grazing land. Currently, some of these coastal grasslands are ‘conservation grazed’
(i.e. extensively grazed to maximise plant diversity and to provide a suitable habitat
for over-wintering bird species), others have been ‘abandoned’ (i.e. large
herbivores removed) due to the removal of agricultural subsidies or remain
historically ‘un-grazed’. Grazing management of coastal grasslands influences
biological and physical habitat characteristics, ecosystem function, biodiversity and
ecosystem service delivery. Understanding the impact of grazing is therefore vital to
enable future robust management recommendations. Despite key ecological
differences in the two study habitats (salt marshes: high productivity — low plant
diversity; sand dune grasslands: low productivity — high plant diversity) |
hypothesise that (i) grazing intensity will have a common directional effect on
ecosystem characteristics, biodiversity and ecosystem function for both habitats, (ii)
that this in turn will influence final ecosystem service delivery leading to

management trade-offs.
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1.2 Thesis outline

The thesis is divided into seven chapters, and is presented as one review (Chapter
2; not submitted), a series of four experimental research papers (Chapters 3-6) and
an overall thesis discussion (Chapter 7) including a saltmarsh field site salinity map
(Appendix 7.4). The review chapter investigates a current research question ‘Does
biodiversity underpin ecosystem service provision?’ in relation to two coastal
habitats, salt marshes and sand dunes. All four experimental chapters are
concerned with the impact of grazing management on temperate upper salt
marshes and fixed dune grasslands. Firstly, how grazing management affected
ecosystem service provision of sand dune grassland was examined, by measuring a
wide range of biophysical variables as proxies for ecosystem services (Chapter 3).
Secondly, the impact of short sward cattle grazing on the abundance, composition
and diversity of the ground dwelling invertebrate community of an upper salt
marsh was assessed using pitfall traps (Chapter 4). Thirdly, greenhouse gas
emissions from grazed and un-grazed salt marsh were measured using dark static
chambers, monthly for one year. Additionally, below-ground gas sampling tubes
were used to measure soil methane concentrations (Chapter 5). Finally, the
influence of grazing on the soil microbial community of both salt marsh and sand
dune grasslands was measured by microbial biomass (fatty acid phospholipids:
PLFAs) and bacterial growth rate (Leucine incorporation), with links made to
nutrient cycling (Chapter 6). The thesis discussion draws conclusions on the effect
of grazing management on biological and physical habitat characteristics,
biodiversity, ecosystem function and ecosystem service delivery for both salt marsh
and sand dune habitats (Chapter 7). The trade-offs between management for

maximum biodiversity and each set of ecosystem services will also be considered.

1.3 Aims

e Assess the relationship between biodiversity and ecosystem service
provision in salt marshes and sand dunes (Chapter 2)
e Record the impact of grazing on sand dune and salt marsh plant and

invertebrate diversity (Chapters 3 & 4)
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e Find suitable proxies for ecosystem services from measureable biophysical
variables (Chapter 3)

e Understand how grazing management influences ecosystem service
provision of a coastal grassland (Chapter 3)

e Determine how grazing effects salt marsh regulating service of ‘equable
climate’ (Chapter 5)

e Report how grazing influences microbial composition, activity and the
supporting service of ‘nutrient cycling’ in saltmarsh and sand dune
grasslands (Chapter 6)

e Provide a consensus view of grazing management and biodiversity —

ecosystem service trade-offs in two contrasting coastal habitats (Chapter 7)

1.4 Contribution of authors to each chapter

Chapters 1, 2 and 7 are entirely my own work and have not been submitted for
publication. Chapters 3 — 5 are pre-publication versions of three first author papers
with other contributing authors, Angus Garbutt, Laurence Jones & Davey Jones,
listed in chapter headings as they appear in the publishing journal. Chapter 6 is a
modified version of a joint first author paper, with Johannes Rousk, accepted by
Biology and Fertility of Soils. Johannes Rousk undertook the phospholipid fatty acids
(PLFAs) and bacterial growth rate measurements. | carried out all the analysis for
both journal and thesis versions. We were equally responsible for the written text
in the journal version but | wrote > 90% of text for the thesis version. A hyperlink to

each published research paper has been provided on the title page for Chapter 3-6.
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Chapter 2: Does biodiversity underpin ecosystem service provision

in temperate salt marshes and sand dunes? — A review

Hilary Ford

2.1 Introduction

Biodiversity is often used as an indicator of ecosystem health and ecosystem
service provision with conservation priorities allocated accordingly (Egoh et al.,
2007; United Nations Environment Programme: UNEP, 2010; Norris et al.,
2011). It is therefore vital to critically assess just how important biodiversity is
to the provision of ecosystem services within a wide range of habitats.
Ecosystem services are the benefits people obtain from ecosystems (Millennium
Ecosystem Assessment: MA, 2005; Boyd & Banzhaf, 2007), commonly divided
into ‘supporting services’ (soil formation, primary productivity and nutrient
cycling), ‘provisioning services’ (fresh water supply, food, fibre, timber and fuel
products, bio-chemical or genetic resources), ‘regulating services’ (equable
climate, pollution control, flood prevention, invertebrate pollination and pest
regulation) and ‘cultural services’ (recreation, education and aesthetic
appreciation) and valued at USS 16-54 trillion per annum in the 1990s (Costanza
et al., 1997). Over sixty percent of the world’s ecosystems are degraded or over-
used, and with the global economy and human population set to increase over
the foreseeable future, this trend is likely to continue with a negative effect on
ecosystem service provision (Kettunen & Brink, 2006; Chapman, 2008; UNEP,
2008). It is therefore crucial for both scientists and policy makers to work
effectively together on ecosystem service projects to provide evidence-based

management recommendations for biodiversity conservation and for the
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delivery of ecosystem services (Bonte & Hoffman, 2005; Sutherland et al., 2006;

Ruffo & Kareiva, 2009).

It is commonly stated that biological diversity is key to ecosystem service
provision (Convention on Biological Diversity: CBD, 2000). However, the explicit
role biodiversity plays in the provision of ecosystem services remains unclear
(Hooper et al., 2005; Norris et al., 2011). What is clear is that both biotic and
abiotic factors influence ecosystem service provision. Biotic factors such as
biodiversity, functional diversity and functional composition may influence
ecosystem service delivery, and are underpinned by abiotic factors such as soil
pH, nutrient status, redox potential, temperature, moisture content and

vegetation structure.
2.2 The theory - biodiversity measures and ecosystem function

‘Biodiversity’ is formally defined as ‘the variability among living organisms from
terrestrial, marine and other aquatic ecosystems and the ecological complexes
of which they are part including diversity within species, between species and of
ecosystems’ (CBD, 1992). However, in practice biodiversity is often measured
using either species richness (number of species present within a community),
species evenness (relative abundance of individuals of each species within a
community) or indices such as the Shannon index that incorporate both
diversity and abundance of species (Gaston & Spicer, 1998; Tilman & Lehman,
2001). Both ‘the rivet hypothesis’ (Ehrlich & Ehrlich, 1981) and ‘the diversity-
stability hypothesis’ (Chapin et al., 2000) provide a theoretical basis for the
value of biodiversity to ecosystem function. In brief, each species may react in a
different way to an unfavourable event, such as a drought or disease outbreak,
thus all should be protected under the precautionary principle, providing
greater ecosystem resilience. These theories form the basis of the ‘biodiversity-
ecosystem function hypothesis’ that states that a reduction in biodiversity will
cause a reduction in ecosystem level processes (Srivastava & Vellend, 2005),
defined as supporting services in the MA (2005). Isbell et al. (2011) illustrated

this argument by analysing data from 7 biodiversity experiments and concluding
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that 84 % of 147 grassland plant species promoted ecosystem functioning at
least once. Despite this, functional diversity or functional composition may be
more important than biodiversity per se as outlined by Walker (1992) in the
‘redundant species hypothesis’; as most species are redundant in their roles,

only minimal diversity is necessary for proper ecosystem functioning.

‘Functional diversity’ often focuses on the plant community and can be defined
in two ways. Firstly as ‘functional group richness’ where plants are divided into
well established functional types, that often conveniently coincide with
taxonomy, e.g. nitrogen (N) fixing legumes, non leguminous forbs, C3 or C4
grasses, shrubs and trees (Wright et al., 2006). Secondly, as ‘the range of
functional traits possessed by the biota of an ecosystem’ (Diaz & Cabido, 2001).
Where each plant species is classified according to a set of functional traits,
either ‘functional response types’, for example drought or frost resistance,
grazing tolerant or intolerant, or ‘functional effect types’ that affect ecosystem
processes such as N fixers or ecosystem engineers (Diaz & Cabido, 2001).
Ecosystem engineers are species that physically change biotic or abiotic
materials and therefore control resource availability to other species (Lawton,
1994; Jones et al., 1997). ‘Functional composition’ refers to the presence (or
absence) of certain plant functional types or traits (Diaz & Cabido, 2001). The
functional characteristics of dominant species, keystone species or ecological
engineers may be crucial for ecosystem functioning (Hooper et al., 2005).
Ecosystem function and processes are more-or-less equivalent to supporting

services.

Both biotic and abiotic factors underpin the diversity of all groups of organisms
particularly microbes, invertebrates and plants. Soil microbial diversity may be
driven by soil heterogeneity (Young et al., 1998; Bardgett et al., 2005) or
intermediate levels of productivity and disturbance (Rainey et al., 2005).
Invertebrate diversity may be driven by botanical composition, habitat structure
or sward height, soil moisture, temperature and food supply (Curry, 1994). Plant
species richness is often explained by the underlying productivity of an

ecosystem, a hypothesised hump-backed relationship with biodiversity peaking
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at intermediate levels of ecosystem productivity (Grime, 1973; Gough et al.,

2000; Mittelbach et al., 2001).

2.3 Wider evidence - biodiversity measures, ecosystem function and multiple

ecosystem service provision

The likelihood of biodiversity, functional diversity or functional composition of
an ecosystem influencing ecosystem service provision depends on the
ecosystem service under consideration, ecosystem type and the way in which
biodiversity is measured. For example, most studies focus on supporting
services that are easy to quantity such as primary productivity and aspects of
nutrient cycling. Furthermore, the vast majority of biodiversity - ecosystem
service research is from grassland habitats using plant diversity as a proxy for
total ecosystem biodiversity (Balvanera et al., 2006). In addition, research
focusing on one particular ecosystem function or service and its relationship to
biodiversity may underestimate the diversity required to sustain a multi
functional ecosystem (Hector & Bagchi, 2007). There is also a need for caution,
if ecosystem service protection is put forward as the main reason for
biodiversity protection then any evidence of ecosystem services being provided
by low diversity habitats may lead to less support for nature conservation

(Ridder, 2008).

There are several examples of an overlap between biodiversity and multiple
ecosystem service provision (Odling-Smee, 2005). These associations, however,
do not necessarily indicate causality. Where areas of priority biodiversity
conservation were compared to areas providing major ecosystem services a
positive association between the two was seen for the provisioning service of
fresh water, regulating services of carbon (C) storage and flood control, and the
cultural service of outdoor recreation (Marxan model - Chan et al., 2006).
Biodiversity and provision of ecosystem services such as pollination, C
sequestration, water quality and tourism were also highly correlated in Oregon,
USA (Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model:

Nelson et al., 2009). Scenarios that enhanced biodiversity conservation also
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enhanced production of ecosystem services. Balvanera et al. (2006) presented a
meta-analysis of the relationship between biodiversity and ecosystem
functioning using data from experimental studies over the past fifty years. They
analysed 446 measures of biodiversity effects, 252 from grasslands, 319 of
which involved plant manipulations or measurements. They found that
increasing biodiversity at one trophic level generally increased productivity, a
key supporting ecosystem service, at that level. Plant diversity also appeared to
enhance below ground plant and microbial biomass, leading to an increase in
decomposer activity. The BIODEPTH project examined plant diversity and
ecosystem properties in eight grassland plots across Europe (Hector & Bagchi,
2007). As more ecosystem processes or supporting services such as primary
productivity and decomposition or nutrient cycling, were included in their
analysis, more species were found to affect overall functioning. Srivastava &
Vellend (2005) compiled one hundred biodiversity and ecosystem function
studies, half from grasslands and many from mesocosm experiments, and found
that 71 % found a positive effect on diversity on at least one ecosystem function

such as primary productivity, decomposition or invasion resistance.

There is also evidence of a relationship between functional diversity or
composition and ecosystem function or service provision. MacGillivray et al.
(1995) showed that the difference between plant communities in response to
burning, drought and frost were linked to functional plant traits not plant
diversity. Mokany et al. (2008) found that mean functional trait values of plants
explained a larger proportion of variation in five out of eight ecosystem services
than either species diversity or functional diversity. Fornara & Tilman (2008)
demonstrated that in grassland plants, plant functional complementarity, such
as the planting of C4 grass and legume combinations increased the regulating
service of C sequestration via a greater accumulation of soil C. Diaz & Cabido
(2001) looked at 24 mainly grassland systems where species richness, functional
richness and functional composition were related to ecosystem processes.
Functional composition was most likely to influence supporting services such as

above-ground primary productivity. The introduction of an invasive species is a
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common way in which functional composition is altered, with potential
implications for ecosystem service provision. Most ecosystem services rely more
on functional composition than either biodiversity or functional diversity (Wall

et al., 2004; Phoenix et al., 2008; De Deyn et al., 2009; Lavorel & Grigulis, 2012).

2.4 Selected habitats — salt marshes and sand dunes

Salt marshes (Figure 2.1) and coastal sand dunes (Figure 2.2) were chosen as
model habitats for this thesis for three reasons. Firstly, as they are examples of
semi-natural systems where diversity is seen as a ‘good’ or ‘natural’ aspect
worthy of conservation (Jones et al., 2011), particularly in salt marshes
monitored following managed realignment (Garbutt & Boorman, 2009).
Secondly, as coastal habitats they have the potential to provide both terrestrial
and marine ecosystem services. Thirdly, despite the fact they often occur
alongside each other and are examples of successional habitats they vary
enormously in terms of productivity, diversity, potential ecosystem service
provision and available scientific literature. Salt marshes are characterised by
high productivity, low botanical diversity, quantified ecosystem service
provision and plentiful scientific literature (Adam, 1990; Vernberg, 1993; Zedler
& Kercher, 2005). Sand dunes, in contrast, are typified by low productivity, high
botanical and invertebrate diversity, and a largely un-quantified potential to
provide ecosystem services, partly due to the predominance of published sand
dune research within grey literature as opposed to peer-reviewed journals

(Everard et al., 2010).

Salt marshes, along with beaches and mudflats, occur in the temperate coastal
intertidal zone (Figure 2.3), whereas in tropical or sub tropical intertidal zones
mangrove ecosystems predominate (Vernberg, 1993; Mitsch & Gosselink,
2000). They develop where the shore has sufficient shelter to ensure the build
up of sediment from either rivers or the reworking of coastal shelf sediment.
Salt marshes are highly productive, successional, vegetated habitats
characterised by anaerobic conditions during tidal inundation, fluctuating

salinity linked to variable fresh water and salt water inputs and daily and
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seasonal fluctuations of temperature (Mitsch & Gosselink, 2000). Salt marshes
are often typified by low plant diversity, increased slightly with elevation and
grazing management (Daan et al., 2002). Upper and therefore drier zones of
saltmarshes share some characteristics of semi-natural grasslands, such as the

presence of particular grass species also characteristic of terrestrial grasslands

and the occurrence of some generalist grassland invertebrates.

Figure 2.1 Dyfi estuary salt marsh, Wales.

Coastal sand dunes occur at all latitudes from the poles to the tropics (Figure
2.3) but this review deals only with those that fall within the temperate zone.
Sand dunes form where there is a plentiful supply of loose, sandy sediment that
is transported inland by the wind. They form adjacent to sandy beaches above
the storm water level and include the dunes themselves and dune slacks,
sunken areas between dunes that are flooded in winter and spring (Martinez et
al., 2004). Coastal dune systems, like salt marshes, are successional habitats
characterised by particular stresses. Foredune plants need to be capable of
withstanding strong winds, salt spray and sand burial. Further inland succession

begins with sand tolerant grasses and forbs (Wiedemann & Pickart, 2004). Dune
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systems tend to be lacking in nutrients such as N, phosphorus (P) and potassium
(K) leading to low productivity (Willis, 1989). Partly as a result of these stresses,
coastal sand dunes are noted for exceptional plant diversity. For example, sand
dunes in the Netherlands contain 66 % of all recorded Dutch flora (de Vries et
al., 1994). This high species richness may be due to the wide range of ecological
niches present within a dynamic dune system (Willis, 1989). Low levels of
nutrients such as N also allow survival of many stress tolerant plants (Packham
& Willis, 1997). Fixed dune grasslands share some characteristics of other high

diversity semi-natural grasslands (Bullock et al., 2011).

e

Figure 2.2 Newborough Warren coastal sand dunes, Wales.

Coastal habitats such as salt marshes and sand dunes are at risk from habitat
change, over exploitation, invasive species, pollution and climate change
(Martinez et al., 2004; MA, 2005). They are therefore in need of effective
protection and management. These habitats are often converted to land for
agriculture, forestry, golf courses, housing developments and tourism (Dijkema,
1990; French, 2001; Martinez et al., 2004). Both habitats are also vulnerable to

coastal erosion, particularly where the construction of sea defences interferes
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with sand or sediment supplies (Lee, 2001). Exploitation for ground water, oil,
gas or sediment or sand removal also threatens coastal marshes and dunes
(French, 2001; Kennish, 2001). The introduction of non-natives such as Spartina
anglica for coastal defence has altered the natural communities of many salt
marshes (Gedan et al., 2009). Invasive wetland species tend to form a tall
monoculture leading to a decrease in both plant and animal biodiversity, an
increase in productivity and litter and changes in nutrient cycling (Zedler &
Kercher, 2004). N and P pollution of salt marsh systems has been common over
recent decades (Bakker et al., 1993). Nutrient enrichment may increase
production of vegetation, decrease species richness and lead to eutrophication
(Zedler & Kercher, 2005). Most sand dunes in the UK exceed the critical N load
of 10 kg N ha™ year™ due to atmospheric N deposition (Grootjans et al., 2004;
JNCC 2004; Jones et al., 2004). N addition to dune grasslands tends to increase
grass and reduce legume biomass (de Vries et al., 1994; Heijden et al., 2008).
Climate change leading to sea level rise and an increase in temperature or
carbon dioxide (CO,) levels could alter both salt marsh and sand dune habitats

(Pye, 1998; IPCC, 2007).

Coastal dune habitats are considered a ‘priority habitat’ and salt marshes a
‘general habitat in need of conservation’ under annex | of the EU Habitat
Directive (1992). In the US, state laws preserve salt marshes (Vernberg, 1993).
Salt marsh and sand dune management, in common with other semi-natural
grassland habitats, focuses on biodiversity management, particularly for plants
and breeding birds, and specific ecosystem services such as flood defence as
opposed to general ecosystem service provision (Hofstede, 2003; Jones et al.,
2011). Until the 1980s, the majority of coastal dunes throughout Europe were
managed in line with ‘stabilisation” policies. Dunes were often stabilized via
marram grass, scrub or tree planting. However, management has now shifted
towards a more ‘dynamic approach’ involving grazing and scrub cutting

(Houston, 2005).
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Figure 2.3 Salt marsh and sand dune distribution, based upon Long & Mason (1983), Yang &
Chen (1995) and Martinez et al. (2004).

2.5 Ecosystem services of salt marshes and sand dunes

Salt marsh and sand dune habitats provide a wide variety of ecosystem services.
Ecosystem service provision will be assessed using the framework of the MA
(2005). The evidence relating to the influence of ‘biodiversity’, ‘functional
diversity’ or “functional composition’ on service provision will be considered, as
summarised in Table 2.1. Salt marshes are very important for ecosystem service
delivery as they link land, freshwater habitats and the marine environment. Salt
marshes provide ‘supporting services’ (soil formation and nutrient cycling),
‘provisioning services’ (grazing land, haymaking, edible plants, fish and shellfish,
salt and chemical production), ‘regulating services’ (flood and erosion control,
improvement of water quality, C sequestration) and ‘cultural services’
(recreation and education) (Adam, 1990; Vernberg, 1993; Levin et al., 2001;
Zedler & Kercher, 2005; Gedan et al., 2009). Sand dune ecosystem service
provision has been less well studied. But Jones et al. (2011) have identified
several important ecosystem services such as soil formation, flood prevention

and recreation.
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2.5.1 Supporting services

Evidence relating to three supporting services was reviewed: soil formation,
primary productivity and nutrient cycling. Salt marshes and sand dunes are both
successional habitats with the ability to build up and stabilise soil. Soil formation
is essential as without it other services such as nutrient cycling, climate
regulation via soil C storage and flood prevention would not be possible. The
formation of soil is dependent on soil biota (European Academies Science
Advisory Council; EASAC, 2009), an incredibly diverse group (Young et al., 1998),
but it is difficult to directly relate microbial diversity to soil formation. Soil
formation is linked to soil stability. The stabilization of salt marsh and sand dune
sediment or soil relies on microalgal, bacterial, fungal and plant root exudates,
and the physical structure provided by root hairs and algal, fungal and
mycorrhizal filaments (Packham & Willis, 1997; Read, 1989; Underwood, 1997;
Underwood, 2000). Waid (1999) argues that ‘metabiosis’ the theory that one
functional group modifies the environment for another functional group,

increases soil biodiversity and leads to stabilised, functioning soil communities.

Primary productivity is fundamental to all other ecosystem services (EASAC,
2009). Salt marshes are among the most productive habitats in the world
(Vernberg, 1993; Mitsch & Gosselink, 2000; Figure 2.4). Sand dunes, in
comparison, are low productivity systems. Plants tend to be viewed as the main
primary producers, however within salt marshes microphytobenthos, seaweed
and phytoplankton are also important (Simas & Ferreira, 2007) and in sand
dune habitats the algal or microbial mats present in dune slacks also contribute
to primary productivity (Vazquez, 2004). Callaway et al. (2003) experimentally
planted an area of restored Californian salt marsh with 0, 1, 3 or 6 species of salt
marsh plants. They found that communities containing 6 species were most
productive, based upon biomass measurements. However, Salicornia virginica,
when planted alone was comparably productive to multi species plots. C4 plants
such as Spartina anglica, a common invasive plant species, also tend to
photosynthesize rapidly and produce more biomass than native communities

dominated by species such as J