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General abstract 

Seagrass has been established as a coastal blue carbon habitat for its capacity to sequester 

and store carbon. This has led to growing interest to utilise blue carbon habitats, such as 

seagrass, as a manageable resource to sequester carbon and reduce greenhouse gas 

concentrations. Carbon accreditation aims to utilise climate mitigation services as natural 

capital to provide financial revenue mechanisms for carbon capture delivered by seagrass 

restoration activities. Carbon accreditation focuses on delivering; (1) additionality, the 

additional reduction of greenhouse gas emissions, compared to the baseline scenario without 

the activity intervention; (2) permanence, for carbon stored within the sediment to be 

considered a true reduction of carbon dioxide emissions it must remain stored over long-time 

scales; and (3) provenance, assurance the accredited proportion of the carbon is 

autochthonous in origin. This study assesses if carbon accreditation represents a suitable way 

to finance temperate intertidal seagrass restoration, utilising UK intertidal seagrass 

Zostera marina and Nanozostera noltii as an archetype. This study demonstrates that care 

should take when interpreting organic carbon (Corg) net gain from an averaged unvegetated 

baseline (e.g., reference unvegetated Corg stock), as vegetated and unvegetated habitats are 

spatially connected by flux and transport of Corg. The seasonality of temperate intertidal 

seagrasses and the environments they live in, influence the provenance (e.g., high 

allochthonous loading in low energy environments) and permanence (e.g., reworking of 

sediment) of the sedimentary Corg. Finally, it demonstrated that seagrass derived carbon is not 

likely to be a dominant source of organic carbon within these intertidal seagrass sediments. 

Holistically when you consider (1) the small quantities and site-specific evidence of net Corg 

gain, (2) the risk of carbon impermanence due to seasonal stochasticity, and (3) high 

proportions of allochthonous carbon present in UK intertidal seagrass sediments, the 

overarching implication is that intertidal seagrass restoration should not rely solely on carbon 

centric funding. Thus, management of coastal habitats which looks to derive financial 

investment from the enhancement of ecosystem services, should consider which services may 

be of the most óvalueô and importance at each site. Therefore, the ecosystem services of UK 

intertidal seagrass should be valued holistically, potentially through a stacked accreditation 

pathway to incorporate the value of co-benefits into financial frameworks to assist with the 

investments required for restoration and conservation. 
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1 General Introduction 

1.1 Seagrass as a blue carbon accumulating habitat 

Since the term óBlue carbonô was first coined in 2009, to recognise the role marine organisms 

play in the capture of CO2 within marine ecosystems, seagrass has been established as a 

coastal blue carbon habitat for its capacity to sequester and store carbon (Nellemann et al., 

2009; Lovelock and Duarte, 2019). Its near global presence means seagrass is found across 

all continents except Antarctica and estimates suggest that the total global area of seagrass 

could reach 1,646,789 km2 (Jayathilake and Costello, 2018). Despite low global species 

diversity (<60 species) (Short et al., 2007), seagrass habitats occupy a broad range of 

environments as they can be found in shallow estuarine, coastal and reef localities but also in 

deeper waters (typically up to 60m depth, but can reach 147 m depth), making generalisations 

about seagrass communities difficult (Lipkin, 1975; Carruthers et al., 2002). Their 

cosmopolitan biogeography means the ecological processes which drive carbon fixation could 

differ between seagrass habitats, despite this seagrass are generally considered autotrophic 

in nature (global net community productivity 27.19 ± SE 5.8 mmol O2 mī2 dī1, Duarte et al., 

2010), with a high capacity to accumulate organic carbon within their sediments (Table 1). It 

is this capacity to store organic carbon which pose them as a manageable biological resource 

for storing organic carbon. Seagrass store organic carbon in the sediment, above ground plant 

biomass and below ground plant biomass, with the greatest quantities of organic carbon being 

stored in the sediment (Global median; sediment 139.7 Mg Corg haī1, versus seagrass plant 

biomass 7.29 ± 1.52 Mg C haī1) (Fourqurean et al., 2012).  

1.1.1 Sedimentary carbon provenance 

Seagrass ecosystems sequester carbon in two ways: first, in situ photosynthetically, when the 

excess to the metabolic requirement results in net carbon fixation of autochthonous 

seagrass-derived organic carbon; and second, by sedimentation of organic matter suspended 

in the water column that originates from outside the ecosystem, which can be marine or 

terrestrial and is termed allochthonous carbon (Figure 1.1) (Kennedy et al., 2010; Greiner et 

al., 2013). It is the net retention of sequestered autochthonous and allochthonous carbon that 

leads to net carbon accumulation. Autochthonous carbon is derived from the long-term 

retention of seagrass formed via the growth of roots and shoots accumulating in the 

sedimentary compartment of the seagrass meadow (Figure 1.1B). Decomposition will result 

primarily in the removal of more labile carbon and retention of the more stable refractory 

detritus, therefore the direct supply of recalcitrant belowground seagrass detritus, is  
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Table 1.1.Seagrass sedimentary organic carbon accumulation rates (g Corg m-2 year-1) 

acquired by isotopic sediment dating (14C, 210Pb) given the seagrass bioregion and subsequent 

seagrass species present. Median, lower quartile (LQ) and upper quartile (UQ) presented. 

Seagrass 
Bioregion 

Species Accumulation rate (g Corg m-2 year-1) Sites  
Median LQ to UQ 

North Atlantic Nanozostera noltii 6 4.7 ï 42.7 3  
Zostera marina 10 3.7 ï 32.5 14  
Subtotal 9 3.9 ï 36.7 17 a 

North Pacific Zostera marina 10 9.1 ï 11.0 9 b 
Southern 
Oceans 

Amphibolis spp. 77  1  
Halophila ovalis 34 25.0 ï 82.0 3  
Nanozostera capricorni 57  1  
Nanozostera muelleri 34  1  
Posidonia australis 26 25.1 ï 38.0 8  
Posidonia sinuosa 11 3.8 ï 14.4 6  
Ruppia megacarpa 71 48.8 ï 92.3 2  
Mixed community 34 27.0 ï 33.9 1  

Subtotal 28 15.3 ï 42.3 27 c 

Mediterranean Cymodocea nodosa 6 5.5 ï 7.0 5  

Halophila stipulacea 15 8.6 ï 15.9 5  

Posidonia oceanica 29 13.9 ï 65.0 20  

Mixed community 6  1  

Subtotal 18 9.0 ï 35.0 31 d 

Temperate bioregions 17 8.8 ï 34.0 84  

Atlantic Halodule wrightii 25  1  

Syringodium filiforme 33  1  

Thalassia testudinum 36 30.4 ï 100.3 12  

Mixed community 40  1  

Subtotal 34 29.0 ï 88.5 15 e 

Indo-Pacific Cymodocea serrulate 91  1  

Enhalus acoroides 3 1.3 ï 4.3 5  

Halophila stipulacea 4 3.5 ï 7.0 8  

Halodule uninervis 2 2.3 ï 2.6 2  

Nanozostera muelleri 22 22.0 ï 22.7 2  

Thalassia hemprichii 4 4.2 ï 13.0 3  

Thalassodendron ciliatum 5 1.7 ï 25.7 5  

Mixed community 7 5.2 ï 14.3 10  

Subtotal 5 3.1 ï 12.1 36 f 

Tropical bioregions 9 3.9 ï 27.3 51  

Global 15 6.0 ï 33.0 135  
a Greiner et al., 2013; Guerra et al., 2015; Jankowska et al., 2016; Marba et al., 2018; Jiménez-Arias et al., 2020; Novak et 

al., 2020. 

b Miyajima et al., 2015; Postlewaite et al., 2018.  

c Serrano et al., 2014; Marba et al., 2015; Rozaimi et al., 2016; Serrano et al., 2016; Arias-Ortiz et al., 2018; Sanders et al., 
2019; Lafratta et al., 2020. 

d Mateo et al., 1997; Serrano et al., 2014; Mazarrasa et al., 2017; Apostolaki et al., 2019; Wesselmann et al., 2021. 

e Orem, 1999; Gonneea et al., 2004; Trevathan-Tackett et al., 2017a; Lopez- Mendoza et al., 2020; Ruiz-Fernandez et al., 
2020. 

f Miyajima et al., 2015; Cusack et al., 2018; Samper-villarreal et al., 2018a; Serrano et al., 2018. 
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considered a major mechanism of sedimentary organic carbon accumulation (Howard et al., 

2021; Tanaya et al., 2018).   Senescence and subsequent accumulation in the sediment of 

aboveground seagrass material can also contribute to autochthonous carbon, but leaf litter 

decomposition can stimulate sedimentary organic carbon transformation and consequently 

increase sedimentary organic carbon loss (Liu et al., 2017). For allochthonous carbon, 

assuming its not remineralised and becomes sequestered, a greater particle deposition than 

particle resuspension leads to net carbon accumulation. 

Seagrass canopy presence indirectly enhances sedimentation and, therefore, allochthonous 

carbon sequestration through reduced wave attenuation and flow, with more significant flow 

reductions inside canopies of greater density (Peterson et al., 2004). The seagrass canopy 

also increases particle settlement via direct collision with the leaf canopy (Hendriks et al., 

2008) (Figure 1.1A). These accumulative mechanisms suggest that allochthonous carbon 

sequestration would be less effective without seagrass. However, many reiterate that the 

capture of allochthonous carbon by seagrasses only represents additional storage if such 

carbon would remineralise before burial (Johannessen and Macdonald, 2016; Chew and 

Gallagher, 2018). Therefore, allochthonous carbon typically cannot be included in blue 

carboon estimates for carbon accreditation. In newly vegetated seagrass habitats, 

autochthonous carbon sequestration is expected to increase rapidly over time, simultaneous 

to plant density, before reaching a threshold, when the habitat reaches its climax plant density 

and its maximum rate of carbon sequestration in that environment (Duarte et al., 2013a; Marba 

et al., 2015). Although increased shoot density increases the quantity of available seagrass 

material and, its photosynthetic capacity, it also reduces the water flow so that the seagrass-

derived autochthonous carbon can settle within the seagrass sediment. This means new 

seagrass habitat can take between 4 to 10 years post vegetation to switch from erosional to 

depositional linked to an increase in seagrass shoot density with time, and only at higher shoot 

densties will it result in a net gain of autochthonous organic carbon in the sediment below the 

seagrass vegetation (Oreska et al., 2020). Therein, seagrass canopy presence supports 

reduced resuspension of autochthonous carbon (Figure. 1.1). 
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Figure 1.1 The organic carbon accumulation routes and mechanisms in a temperate North 

Atlantic seagrass bed (A) Connection to neighbouring coastal habitats, the influx and 

storage of allochthonous carbon. (B) Excess photosynthetic fixation of seagrass-derived 

autochthonous carbon within seagrass habitat. Images É Authorôs own. 

1.1.2 Sediment characteristics 

Deposition of fine allochthonous particles influences the sedimentary characteristics below 

ground. Fine muddy grained sediments are cohesive and have low permeabilities which limit 

oxygen exchange with the overlying water column leading to very shallow oxygen penetration 

depths (Figure 1.2) (de Beer et al., 2005; Slaa et al., 2013). The subsequent development of 

an anoxic environment reduces remineralisation thus supporting enhanced preservation of 

organic carbon (House, 2003; Hedges and Keil, 1995). Whilst anoxic conditions decrease 

microbial remineralisation rates in seagrass sediments, the exposure of seagrass sediments 

to oxygen stimulates aerobic remineralisation reducing carbon stock (Brodersen et al., 2019). 

In coarse larger grained sandy sediments, advective flow delivers oxygen deeper in the 

sediment, thus sandy seagrass sediments would likely exhibit lower preservation rates of 

sedimentary carbon (Figure 1.2) (de Beer et al., 2005). Therein, the sedimentation of fine 

allochthonous particles could support reduced remineralisation of autochthonous carbon.  

Seagrasses typically occupy soft substrates ranging from mud to sand, with tropical seagrass 

more typically associated with carbonate sediments and temperate seagrass with terrigenous 

sediments (Carruthers et al., 2002). Carbonate and Terrigenous sediments are not exclusive 

to tropical and temperate climates, but the association of sediment type to these climatic 

regions is likely driven by the higher proportion of reef seagrass habitat in the tropics versus 
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estuarine seagrass habitat in temperate regions (Short, 1987; Carruthers et al., 2002; 

Miyajima et al., 2015). As such tropical sediments are broadly associated with course larger 

grained sediments derived from carbonate, and temperate sediments with fine muddy 

particles. An important source of silt and clay are terrestrial soils transported by rivers into the 

estuarine environment (Miyajima eta al., 2017). It is sediment characteristics associated with 

fine sediments (e.g., small grain size, high porosity), which have been shown to drive high 

carbon content in some temperate seagrass sediments dominated by Zostera spp. (Dahl et 

al., 2020a, Lima et al., 2020). Although the importance of sediment characteristics to high 

carbon storage may be more profound in seagrass habitats with low seagrass biomass, as in 

seagrass habitats with high seagrass biomass the importance of these sediments 

characteristics to carbon preservation may be masked by the high inputs of seagrass-derived 

autochthonous carbon (Serrano et al., 2016). Therein the relationship between the input of 

fine allochthonous particles and carbon preservation may be proportionately more important 

in a low seagrass biomass context (Dahl et al., 2020a). 

 

Figure 1.2. A Delivery of oxygen into the sediment and the oxygen penetration depth (O2 (PD)) 

relative to sediment particle size. B Carbon processes in the water column and the different 

processes in the sediment associated with the oxic and anoxic sediment layers; Aerobic 

decay, Carbonate dissolution, anaerobic decay and burial. Images É Authorôs own. 
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1.1.3 Seagrass canopy composition, complexity and configuration 

Seagrass meadows are heterogenous environments, whose architectural and morphological 

characteristics influence the structure and function of the seagrass environments (Abadie et 

al., 2018). The presence of the seagrass canopy is one of the major mechanisms supporting 

carbon accumulation via enhanced sedimentation and reduced resuspension. Seagrass 

species enhance sediment stabilisation to different extents, with large seagrass species 

providing higher stabilisation than small seagrass species (James et al., 2020). This said the 

presence of small seagrass species such as round leafed Halophila spp. can reduce sediment 

resuspension in comparison to unvegetated substrate, in part through the allocation of leaf 

biomass close to the sediment-water interface (Fonseca, 1989). Whilst small seagrass 

species may reduce bottom shear stress, they appear to primarily support this during calm 

environmental conditions. Increased hydrodynamic forces and disturbance events (e.g., 

storms) resuspend fine sediment stored in the sediment below small canopied seagrass and 

easily uproot the small plants in comparison to large seagrass species (James et al., 2020). 

This would suggest that the size of the seagrass species and its canopy structure will influence 

the stability and retention of sedimentary organic carbon. Multi species seagrass meadows 

enhance further reductions in attenuation of current and wave driven flow, because presence 

of both a canopy understory and upperstory further reduce water velocities (Weitzman et al., 

2015). Sediment and carbon stabilisation are therefore influenced by the seagrass canopy 

structural complexity, which is in part a function of the individual or mix of seagrass species 

present, and their subsequent morphology.  

Seagrass may form extensive continuous meadows or exist in various states of patchiness, 

with increasing prevalence of unvegetated areas, different shapes and sizes of seagrass 

patches and different distances between patch edges (Mazarrasa et al., 2018). Although there 

is inconsistent use of terms to describe seagrass areas in the literature including óstandô, 

ópatchô, óclumpô, óbedô and ómeadowô and therefore varied definitions of patchiness (Bostrºm et 

al., 2006). In fact, the use of the terminology óbedô and ómeadowô convey an impression of 

continuous seagrass-covered areas, but it is important to consider the heterogenous nature 

of seagrass meadows. Seagrass meadows vary in shoot density across their spatial extent, 

with lower shoot densities or seagrass cover typically associated with seagrass meadows that 

are patchier (Uhrin and Turner, 2018). The spatial configuration of seagrass formations can 

be a result of abiotic drivers (e.g., light or wave energy) (Uhrin and Turner, 2018; Enriquez et 

al., 2019) or anthropogenic drivers (e.g., physical damage from mooring) (Collins et al., 2010; 

Montefalcone et al., 2010), which usually result in spatial changes in seagrass density and 

therefore presence (e.g., increased patchiness). Ultimately this indicates that a seagrass 
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canopy is not always a continuous structure across a meadow, suggesting the extent to which 

a canopy reduces flow may not be uniform across the meadow. In fact, the sediment at 

seagrass meadow edges have been shown to store less carbon than the innermost parts of 

seagrass meadows (Ricart et al., 2015). Seagrass meadows which are continuous also store 

more carbon than patchy meadows and typically more autochthonous carbon (Ricart et al., 

2017). Alongside spatial variation, seagrass canopies can undergo temporal changes in 

structure, because of seasonal or episodic changes (Carr et al., 2012). Accurate predictions 

of flow-regulated processes are supported by a thorough account of seagrass community 

composition and any variation in canopy structure (e.g., spatial, seasonal) (Weitzman et al., 

2015; Carr et al., 2012). Seagrass meadow composition, complexity and configuration should 

be characterised to determine to what extent the plant structure influences sedimentary carbon 

storage to inform about seagrass functionality and ability to provide ecosystem services, such 

as carbon storage. 

1.2 Blue carbon offsetting mechanisms and their application to seagrass 

ecosystems 

Carbon-oriented management of coastal ecosystems has received considerable interest for 

its potential to incentivise financial investment into protecting or restoring these habitats, 

thereby supporting climate change mitigation to achieve a sustainable future (Thomas, 2014). 

The payments for environmental services (PES) incentivise financial support for goods and 

services directly provided by nature, due to man-made conservation activities (Wunder 2015; 

Derissen and Latacz-Lohmann, 2013). Direct finance to support the conservation and 

restoration of coastal ecosystems to increase their carbon sequestration provision is an 

example of PES. In this context, blue carbon can be understood as a product or service 

(Vanderklift et al., 2019), providing the premise for carbon markets, whereby carbon stored in 

these coastal ecosystems and quantified using scientific methods can be sold as credits (Wylie 

et al., 2016) (Figure 1.3).  
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Figure 1.3. Payment for environmental services scenario for investment into seagrass 

restoration: 1. An organisation wants to offset GHG emissions that could not be reduced 

directly. 2. The organisation makes economic contributions to accredited projects. 3. The 

contributions support project activities that enhance seagrass removal of GHG. 4. The 

organisation receives carbon credits for its contribution to emission reduction projects. 

1.2.1 The structure of carbon markets for carbon trading 

Carbon credits currently form part of two broad carbon markets: the compliance carbon market 

and the voluntary carbon market. The compliance market is utilised by those that must reduce 

emissions as part of a treaty (such as the Kyoto Protocol or the European Union Emissions 

Trading Scheme); the voluntary market includes buyers who voluntarily buy credits to support 

broader strategic priorities such as sustainability (Vanderklift et al., 2019; Wylie et al., 2016). 

Carbon credit mechanisms to support financial investment into blue carbon restoration are 

supported by the United Nations Framework Convention on Climate Change (UNFCCC) within 

the compliance market, e.g., the Clean Development Mechanism (CDM) and the Reducing 

Emissions from Deforestation and Forest Degradation plus (REDD+, plus the role of 

conservation, sustainable management of forests and enhancement of forest carbon stocks). 

Because the high costs and administrative requirements of compliance carbon markets favour 

large-scale and low-cost emission reduction efforts, to date, the voluntary market has been 

the primary source of finance for blue carbon projects. The voluntary market has produced 

numerous standards, programmes and registries to alleviate fears over a lack of policing, with 

the aim of improving offset credibility (Corbera et al., 2009; Gillenwater et al. 2007). Carbon 

credit mechanisms to support financial investment in the voluntary carbon market use carbon 
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credit accounting methodologies like those proposed under schemes such as Plan Vivo or the 

Verified Carbon Standard (VCS) (Vanderklift et al., 2019; Wylie et al., 2016). Current blue 

carbon accreditation projects on the voluntary market have been dominated by those centred 

on mangrove forests. The route-to-market and accounting methodologies for this habitat 

aligns closely with established terrestrial afforestation and reforestation activities (Hejnowicz 

et al., 2015). The comparative lag in formulating methodologies backed by accreditation 

schemes to quantify the carbon sequestered in seagrass meadows for carbon credits, 

compared to habitats such as mangrove forests, has resulted in uncertainty in its application, 

even if accreditation schemes have produced methodologies to quantify seagrass carbon 

credits (e.g., VCS VM0033 Methodology for Tidal Wetland and Seagrass). Since seagrass 

restoration projects tend to be minor, carbon credit accreditation through the voluntary carbon 

market is the most applicable route-to-market for seagrass restoration activities (Needleman 

et al., 2018; Vanderklift et al., 2019; Wylie et al., 2016). Voluntary carbon markets also pose 

the most suitable approach for seagrass carbon credit accreditation, since the market 

audience motivation in wider strategic sustainability means they are likely to take into 

consideration the co-benefits and location of seagrass restoration projects (Vanderklift et al., 

2019; Needleman et al., 2018).  

1.2.2 Concept of additionality 

The concept of additionality is important to carbon accreditation because it indicates that 

verified carbon credits represent a net environmental gain (Verra, 2023). Namely the net 

environmental gain is formed from activities which result in an additional reduction of GHG 

emissions, compared to the baseline scenario without the activity intervention. Therein the 

transparent identification of a baseline scenario is key, to ensure the credibility of all data, 

rationales, assumptions, and justifications utilised in the calculation of the baseline 

greenhouse gas removals scenario (CDM Executive board, 2007). The baseline scenario is 

often termed the ñbusiness as usualò scenario, this implies that the proposed activity which 

achieves carbon credits would not have occurred in the absence of the incentive provided by 

carbon markets (Verra, 2023). In the context of seagrass focused carbon accreditation, the 

VCS VM0033 (Methodology for Tidal Wetland and Seagrass restoration) outlines procedures 

to estimate net greenhouse gas emission reductions and removals from seagrass restoration 

(Emmer et al., 2015). Restoration activities are expected to contribute to atmospheric GHG 

reduction through increased biomass, increased autochthonous sedimentary organic carbon 

(Figure 1.1B), reduced methane and/or nitrous oxide emissions - due to increased salinity or 

changing land use, and reduced carbon dioxide emissions - due to avoided sediment carbon 

loss (Emmer et al., 2015). Therefore, the calculation of carbon credits from seagrass 

restoration activities requires an understanding of the óadditionalô net gain which occurs due 
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to seagrass restoration activities implemented in comparison to the baseline scenario. 

Ultimately it is only through the determination of a baseline scenario and the demonstration of 

additionality that carbon credits are ethically appropriate to offset emissions because it instils 

that they are emission reductions which would not otherwise have happened. Framing 

restoration of these habitats as an offsetting option for corporate entities does however risk 

distracting from the urgent need for aggressive and rapid greenhouse gas emission reduction, 

slowing global progress towards net-zero as the rate of direct emissions does not match the 

rate at which the processes in natural ecosystems offset emisssions (Anderson et al., 2019). 

1.2.3 Net GHG emissions from sediment relative to a baseline scenario  

Extant temperate seagrasses act as a net remover of GHG emissions, due to CO2 and N2O 

uptake outweighing the simultaneous release of CH4 (Ollivier et al., 2022). However, it is the 

determination of an increase in the net removal of GHG emissions from restoration, which 

provides the premise for carbon accreditation of restoration activities. The baseline scenario 

of net GHG emissions from sediment is calculated from four subsidiary elements (1) CO2 

emissions from the sedimentary Corg pool (2) a deduction from the CO2 emissions from the 

sedimentary Corg pool to account for provenance of the carbon, namely the percentage of the 

carbon stock that is derived from allochthonous carbon, (3) CH4 and (4) N2O emissions from 

the sedimentary organic pool (Emmer et al., 2015). The restoration of temperate seagrass in 

South Bay, Virginia, USA enhanced CH4 and N2O production in comparison to the baseline 

scenario, however due to the enhanced storage of CO2 (346 t CO2 yrī1 from 2001ï2013 and 

1070 t CO2 yrī1 from 2013ï2016) the restoration still resulted in a net removal of GHG 

emissions compared to the baseline (Oreska et al., 2020). However, the restoration was 

completed by seeding the area over multiple years and it took about a decade for carbon 

sequestration rates within this restored meadow to be equivalent to natural meadows (Greiner 

et al., 2013). This seagrass restoration project proved in principle the positive effect of 

seagrass restoration on net GHG removal from the atmosphere according to the VCS VM0033 

GHG accounting methodology, but it also demonstrated that carbon credits would only finance 

approximately 10% of the projectôs restoration cost (Oreska et al., 2020).  

1.2.4 Assurance of permanence 

The concept of permanence is also integral to carbon accreditation mechanisms, it requires 

that any carbon stored from a restoration activity and therefore considered a reduction of CO2 

emissions, remains stored over long-time scales (Locatelli et al., 2014). Some argue blue 

carbon sequestration cannot truly offset fossil fuel emissions as fossil fuels take 100 million to 

300 million years to sequester (Johannessen, 2022; Archer et al 2009). Carbon accreditation 

standards require determination of a ónon-permanence riskô, namely to establish and 
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demonstrate a difference greater than 5% between the baseline and project for at least 100 

years (Verra, 2023). Whilst the length of time to obtain considered ópermanenceô is debated 

the concept of assured permanence is to prevent the risk that the carbon from the project used 

to offset emissions will be released back into the atmosphere, leading to net emissions that 

are not genuinely reduced. The risk to permanence of blue carbon credits can be lower than 

for terrestrial ecosystems given that blue carbon is less susceptible to risks such as fire, but 

they must still withstand severe weather events and climate change (Vanderklift et al., 2022). 

In fact, the use of 100 years as the criterion for ópermanenceô constitutes a gamble that the re-

release of carbon will not be a problem in 100 years (Thamo and Parnell, 2015). There is a 

trade-off between the stringency of permanence requirements and the ability for a project to 

participate under such requirements (Ruseva et al., 2020). Literal permanence is rarely 

obtainable and therefore the long-term 100-year approach allows relative permanence to be 

integrated into policy and accreditation frameworks, but it also leads to insecurity regarding 

the ósolutionô offsetting truly presents. Further to this a project may not meet its projected 

estimate of net emissions reductions and the verified carbon credits already issued to projects 

that subsequently fail are not cancelled and do not have to be ñpaid backò (Verra, 2023). 

Carbon accreditation programs have therefore needed to find ways to mitigate the risk posed 

by failure of individual projects (e.g., pooled buffer credits). If carbon accreditation financing 

mechanisms are the driver for growing interest in seagrassesô ability to accumulate carbon, 

research within this area should aim to incorporate carbon accreditation principles such as the 

concepts of additionality and permanence. 

 

1.3 The potential of carbon accreditation for UK intertidal seagrass restoration  

There are two marine angiosperm species present in the UK: Zostera marina and 

Nanozostera noltii (Figure 1.4).  Often various Ruppia species are listed amongst UK 

seagrasses, including Ruppia maritima and Ruppia cirrhosa (Garrard and Beaumont, 2014), 

whilst Ruppia spp. may occur alongside seagrass in low saline estuarine conditions, they are 

poikilosaline aquatic plants and not strictly considered true marine angiosperms (Kuo and den 

Hartog, 2001; Foden and Brazier, 2007). Within the literature reference to UK distributions of 

Zostera angustifolia also occurs, despite distinct morphological characteristics it cannot be 

distinguished from and is thereby accepted as, an ecotype of Z. marina (Becheler et al., 2010; 

Olsen et al., 2013). Thus, the UK seagrass species discussed hereafter refer to; 

Zostera marina and Nanozostera noltii. In the UK Z. marina and N. noltii can occur together in 

the intertidal zone forming multispecific seagrass beds, however Z. marina prefers the wet 

hollows among N. noltii beds or occurs along the upper shore when adjacent to creeks (Tubbs 
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and Tubbs, 1983; Wyer et al., 1977). This indicates a higher tolerance of desiccation for 

N. noltii, which may influence its distribution within the intertidal relating to emergence and 

submergence and their photosynthetic capacity in such conditions. Implications of poor water 

water quality has driven recent expansion of N. noltii in the UK, but it does not appear to drive 

to the same extent distribution trends in the subtidal Z. marina (Bertelli et al., 2017). This is 

particularly relevant moving forward given species-specific responses in seagrasses are often 

forecast for future climate change conditions (Koch et al., 2013) and highlights that where 

possible species-specific assessments should be used to inform their potential to store carbon. 

 

Figure 1.4. (A) Illustration of morphological difference between species (adapted from 

Gamble et al., 2021) (B) The morphological difference of randomly sampled intertidal and 

subtidal seagrass from Ryde, Solent, UK. 

1.3.1 The historic loss and potential for restoration of UK seagrass  

Producing accurate estimates of the extent of blue carbon ecosystems, including seagrass, is 

a prerequisite to determining the value of ecosystem services such as carbon sequestration 

capacity, yet blue carbon habitat extent remains poorly understood (Macreadie et al., 2019). 

Turbid water systems such as those in the UK present difficulties for mapping, especially in 

submerged seagrass habitats, leading to limited seagrass mapping effort in localised 

geographic regions (Waycott et al., 2009). As such seagrass spatial extent is often only 

quantified in the UK within designated areas of protection such as Special Areas of 
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Conservation (SAC) (Garrard and Beaumont, 2014) and regularly does not distinguish 

between species (Tubbs and Tubbs, 1983). In the past when significant losses of Z. marina 

occurred between 1930 and 1940 attributed to a wasting disease, N. noltii did not decline 

(Vergeer and den Hatog, 1991), suggesting distribution records should be separated to 

distinguish species-specific trends. Although the spatial extent of UK seagrasses is poorly 

mapped and not species specific, Green (et al., 2021) utilised historic data and habitat 

suitability models to provide evidence of devasting UK seagrass loss (44-92%) since 1936. In 

places like the UK active seagrass restoration appears to be a necessity to re-establish 

seagrass habitat and the ecosystem services it provides.  

1.3.2 UK Blue carbon evidence needs 

The UK Blue Carbon Evidence Partnership (UKBCEP) released the UK Blue carbon evidence 

needs statement to highlight significant evidence gaps which would support restoring blue 

carbon habitats as nature-based solutions and building blue carbon into policies across the 

UK. To increase confidence surrounding blue carbon stock, accumulation and emissions data 

the following were included as evidence needs (UKBCEP, 2023): 

1. Understanding the capacity for reduced GHG emission additionality from natural blue 

carbon habitats to inform its application in restored blue carbon habitats. 

2. Determining the likelihood of carbon permanence in natural blue carbon habitats. 

3. Understanding of carbon dynamics, including seasonality on the accumulation, burial, 

and emission capabilities of blue carbon habitats. 

4. Identification of the sources or provenance of carbon, linking to the need to develop 

our understanding of flux and transportation pathways. 

Research such as that presented in this thesis which aims to fill any of these knowledge gaps 

is timely and will support our understanding of the potential for carbon accreditation 

mechanisms to finance intertidal seagrass restoration in the UK. 

1.3.3 The Solent as an archetype to inform UK seagrass blue carbon accreditation 

potential 

Unlike many parts of the UK the Solent has good historic 20th century records of seagrass 

presence in the Portsmouth, Langstone and Chichester harbours, with aerial extent defined 

within Langstone Harbour in 1959 and 1979 (Tubbs and Tubbs, 1983). Further to this, a 

database of recent and historic seagrass distribution records (pre-2020) for the Solent, were 

compiled from herbarium collections and the literature (Supplementary 2).  This database 

includes herbarium samples which demonstrate the presence of seagrass in the Solent from 

1846. However, the database also documents the decrease in seagrass cover and complete 
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disappearance of seagrass at some sites (e.g., Chichester Harbour 1975, Hayling Island, 

1992) (Rudkin, 1975; den Hartog, 1994). Therefore, the Solent area represents a good 

archetype for assessing the potential for carbon financed intertidal seagrass restoration given 

the prevalence of existing seagrass which will support the assessment of local seagrass 

carbon storage capacity, juxtaposed to the need for seagrass restoration in other localities 

within the Solent.  

There is prior understanding of potential drivers of carbon storage within the Solentôs 

seagrass, Lima (et al., 2020) indicated sediment characteristics (including sediment dry bulk 

density, mean grain size, sorting coefficient, % mud, and pore water salinity) were important 

to explain most of the variation in carbon among seagrass sites. Although it was not 

determined whether the sediment characteristics explained the variation in carbon for adjacent 

unvegetated sediments. Further work showed that generally carbon stocks in unvegetated 

areas demonstrated higher organic carbon content than carbon stocks from vegetated 

seagrass areas, and though carbon provenance was not determined, it was suggested that 

the similar proportions of organic carbon stored between vegetated and unvegetated 

sediments may be due to allochthonous carbon loading (Lima et al., 2022). This provides a 

good base for understanding the quantity of carbon storage in this locality, but it does not 

estimate any downcore enhancement of organic carbon density in the vegetated cores which 

can be attributed to seagrass (Emmer et al., 2015; Oreska et al., 2020). Therefore, further 

research would be needed to discern whether seagrass restoration in the Solent suits carbon 

accredited finance mechanisms. In order to incorporate the carbon accreditation concept of 

additionality, further research would benefit from addressing downcore changes in carbon 

storage within a restoration context, namely between the unvegetated sediment baseline and 

sediment within established seagrass, and whether the drivers are consistent in all vegetated 

and unvegetated scenarios. 

Carbon sequestration rates (75.12b m-2 yr-1) were recently reported for the Solentôs seagrass 

meadows, based on geochronology, which estimates carbon sequestration based on dating 

the long-term sediment record within cores (Lima et al., 2023). However, sediment 

geochronology was not completed on unvegetated sediment and therefore we cannot 

determine whether the carbon sequestration rate is different for unvegetated areas within the 

same locality. This means that it is hard to interpret whether the carbon sequestration rate 

would change from the baseline (e.g., mudflat) in the context of revegetating a mud flat into 

seagrass habitat. Sediment chronology also indicated that the intertidal seagrass sediment in 

the Solent was likely subject to bioturbation or sediment resuspension (Lima et al., 2023). It is 

difficult to interpret how and to what extent short-term episodic or seasonal events influence 
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long term carbon accumulation (Zhu et al., 2022). The intertidal seagrass in the Solent UK is 

also subject to a large seasonal influence ranging from autumnal plant die-back and storm 

damage to migrating waterfowl grazing pressure (Tubbs and Tubbs, 1982; Tubbs and Tubbs, 

1983). An assessment of the short-term stability of sedimentary carbon in both vegetated and 

unvegetated sediments is essential to further our understanding on the relative permanence 

of the carbon stored within sediments in these different settings. But also, to assess the 

likelihood that the restoration of UK intertidal seagrass poses a strong candidate for long term 

carbon storage and as such is suited to carbon accredited finance.  

Finally, there is no research into the differentiation of autochthonous and allochthonous carbon 

with seagrass sediments, in the UK and therein the Solent. In seagrass carbon accreditation 

methodologies peer-reviewed published data may be utilised as evidence for the deduction of 

a percentage of allochthonous carbon from the total seagrass sediment organic carbon. The 

requirements for selecting the literature-based proxy are that the value be from a study in the 

same or similar systems as those in the project area (Emmer et al., 2015). For areas such as 

the UK where there are no direct measurements of carbon provenance, the choice to select a 

value from same or similar systems seems quite ambiguous. This suggests that if proxies are 

used for blue carbon accreditation, discerning an informed criterion for their selection would 

lead to the better provision of high integrity carbon credits. However, it remains that a carbon 

provenance proxy is: an estimation of the likely ratio of autochthonous to allochthonous 

carbon. It therefore remains that a critical knowledge gap in evaluating the applicability of 

carbon accreditation to UK intertidal seagrass restoration lies in determining direct 

measurements of carbon provenance for UK intertidal seagrass sediments.  

1.4 Research aims and objectives 

This thesis seeks to improve the understanding of the carbon storage capacity of temperate 

intertidal seagrass, from the perspective of assessing if carbon accreditation represents a 

suitable way to finance temperate intertidal seagrass restoration. The thesis focuses on the 

removal of CO2 emissions into the seagrass sedimentary organic pool, which forms part of the 

net removal of GHG emissions alongside CH4 and N2O. The carbon accreditation principles 

of additionality, permanence and provenance have been incorporated into the research 

focus, so that the research provides knowledge evidence to help determine if blue carbon 

accreditation represents a viable solution to temperate intertidal seagrass restoration in the 

UK.  



16 
 

1.4.1 Additionality 

This study completes an assessment of net seagrass sediment organic carbon enhancement 

according to VM0033 principles (Chapter 2). Furthermore, it analyses the variations in carbon 

content and sediment particle size with sediment depth of both unvegetated and vegetated 

sediment (Chapter 2). This analysis allows the assessment of the sedimentôs physical 

properties and their role in the storage of organic carbon in both vegetated seagrass and 

unvegetated alternate habitats, which is imperative given that habitat re-creation would require 

a transition from the unvegetated to the vegetated state.  

1.4.2 Risk of impermanence 

This study also assesses seasonality in temperate intertidal seagrasses associated with the 

aboveground seagrass canopy and characterises the seagrass species composition and 

canopy complexity (e.g., canopy height, leaf area index and shoot density) (Chapter 3). It 

characterises the seagrass canopy to determine to what extent the presence and structure of 

the plant canopy influences seasonal sedimentary carbon dynamics. Further to this an 

assessment of seasonal sedimentary organic carbon storage in unvegetated tidal flats will 

provide the reference seasonal change in organic carbon stored within sediment when 

seagrass vegetation is not present throughout the year (Chapter 3). This provides an indication 

of the short-term stability and relative permanence of carbon stored in seagrass sediments 

relative to unvegetated sediment.  

1.4.3 Provenance 

Finally, this study aims to improve the decision process and fill evidence needs regarding UK 

seagrass allochthonous carbon proxies. Firstly, it aims to improve the selection of literature 

based allochthonous carbon proxies, utilised as evidence in carbon accreditation calculations. 

As the most commonly utilised approach for determining carbon provenance on a global scale 

is utilising stable isotopic analyses (e.g., ŭ13C) in stable isotope mixing models (SIMMs), it 

collates an updated worldwide synthesis of ŭ13C data for seagrass sediment and leaves.  It 

examines trends in ŭ13C seagrass and seagrass sediment values from around the globe, 

according to known seagrass bioregions (Short et al., 2007), in relation to geomorphology 

(e.g., estuarine, lagoonal) or the subsequent ótypicalô seagrass communities, by addressing 

seagrass morphological traits (i.e., size) (Chapter 4). This study also aims to acquire the first 

direct measurements of carbon provenance for UK intertidal seagrass sediments (Chapter 5). 

In a comprehensive literature review autochthonous carbon is discussed further (Chapter 6), 

to distinguish seagrass-derived autochthonous organic carbon, alongside non-seagrass 

organic carbon derived from other primary producers found in situ within the seagrass. 



17 
 

2 Varied net gain storage capacity of sedimentary organic carbon within 

temperate intertidal seagrass 

2.1 Introduction 

Globally coastal habitats have been subject to rapid resource depletion by humans, in some 

cases dating back centuries (e.g., overfishing) (Jackson et al., 2001). Therefore, estuarine and 

coastal habitats in some regions were already severely degraded before 1900 (Airoldi and 

Beck, 2007). Human impacts have depleted formerly important species (>90%), destroyed 

seagrass and wetland habitat (>65%), degraded water quality, and accelerated species 

invasions (Lotze et al., 2006). As such the severe degradation of coastal habitats often leads 

to the proliferation of disease and pollution reinforcing the degradation of coastal habitats. 

Seagrass has witnessed global decline at least since the 1800s, but considerable 

management-driven action has led to seagrass recovery in localised areas. However the 

global net change in surveyed seagrass area (-19.1%) demonstrates overall loss of seagrass 

has occurred (Dunic et al., 2021). These trends have led to a need for habitat restoration in 

most coastal areas. Restoration can be defined as the óthe process of establishing or 

re-establishing a habitat that in time can come to closely resemble a natural condition in terms 

of structure and functionô, this definition sets a basline context in which to measure the success 

of the restoration activity (Baggett et al., 2015). It is important to frame restoration in the 

context of a reference ecosystem, as this is integral to focus restoration towards desirable 

habitat characteristics and functions (e.g., net gain in carbon storage).  

The rapid and extensive change of coastal habitats over the previous decades and centuries 

means that the restoration and management of coastal ecosystems to a natural condition 

cannot be based on the limited perspective of recent observations alone (Jackson et al., 2001). 

In some cases, knowing what habitat type was there previously may be essential if the aim is 

to restore an already lost habitat (Lewis, 1990). In this context, the term restoration focuses 

on habitat re-creation and the managed transition from one habitat to another (Elliott et al., 

2007). For example, the anthropic management of the Venice Lagoonôs watershed began 

centuries ago. Therefore, the conditions of natural habitats prior to this were unknown. 

However, information found in historical maps indicated the presence of reedbeds and 

saltmarshes, which motivated the restoration of these lagoon oligohaline habitats (Brusa et 

al., 2022). In this scenario, historical knowledge informed land or óseascapeô management, 

whereby aspects of the projectôs restoration activities centred on converting one habitat type 

back to a historically present habitat (i.e., unvegetated to vegetated). The strategy of the LIFE 

Lagoon Refresh project was to adopt an in situ eco-engineering approach aimed at recovering, 

in the northern Venice Lagoon, the salinity gradient, and at re-establishing the physical, 
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chemical and biological processes and, subsequently, the ecotonal environment characterised 

by large intertidal areas vegetated by reeds Phragmites australis (Brusa et al., 2022). In this 

manner the restoration focused not only on re-establishing habitat type, but also re-

establishing habitat structure and function that was comparable to the site structure and 

function prior to degradation. 

In general, capital is considered to be a stock of materials, capital stock takes different 

identifiable forms, but can include physical forms of natural capital, such as trees, minerals, 

ecosystems, and the atmosphere (Costanza et al., 1997). Some natural capital assets (e.g., 

ecosystems) provide vital goods and services, called ecosystem services (Barbier, 2019). 

Therefore, well-managed ecosystems yield a range of these services and goods, from direct 

value goods such as food or raw materials to indirect value that results from ecosystem 

functioning such as biological support via nutrient cycling or physical support via coastal 

protection or life-fulfilling support from habitat beauty and serenity (Barbier, 2019; Barbier, 

2013; Spurgeon, 1999). What makes ecosystems a natural capital asset is therefore the 

ecological capital they provide (e.g., ecosystem goods and services), which benefit the 

economic wealth of both individuals and human societies (Barbier, 2019). The specific 

services provided depends on the ecosystem in question, for example seagrass ecosystem 

services include coastal protection, cultural value and climate regulation (Figure 2.1) (Gamble 

et al., 2021; UNEP 2020; Potouroglou et al., 2020).  

Viewing the restoration of habitats within a óbenefit-cost analysisô or natural capital framework 

can play an important role in the justification of coastal habitat restoration, wherein the benefits 

of restoration are an increase or enhancement of the areaôs natural and ecological capital 

assets, and as such its perceived óvalueô (Elliott et al., 2007; Spurgeon, 1999). Therefore, the 

driver for habitat restoration via the re-creation of a habitat type may be the enhancement of 

the ecosystem services provided by the re-created habitat compared to the services provided 

by the current habitat, however it is also important to consider the services lost from altering 

the current habitat. Commonly, the habitat type and the quantity of area to be restored will be 

used when communicating with the public to provide clear goals. Still, the restoration 

motivation is more often the facilitation of enhanced ecosystem service provision from 

restoring that habitat (DeAngelis et al., 2020). One ecosystem service provided by coastal 

habitats which has gained traction for its value as a greenhouse gas mitigation tool is carbon 

sequestration and storage (Vanderklift et al., 2019). Accretion of coastal carbon has also been 

shown to provide co-benefits such as resilience to storms and erosion, and so in this way blue 

carbon can be seen as a multi-faceted ñwinò for climate mitigation and conservation (Sutton-

Grier and Moore, 2016). However, accurately conveying the added value gained from coastal 

restoration in a carbon context requires a thorough understanding of the net gain carbon 
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Figure 2.1. Ecosystem services provided by seagrass beds. From Gamble et al., 2021; modified from UNEP (2020) and Potouroglou et al., 

(2020). 



20 
 

storage capacity likely from the restoration of coastal habitats. 

Globally, seagrass has been disappearing at a rate of at least 110 km2 yrī1 since 1980 

(Waycott et al., 2009). However, more drastic losses have occurred in some localities. For 

instance, historical losses of seagrass in the UK could be up to 92% (Green et al., 2021). In 

locations where such drastic seagrass losses have occurred, restoration practices must 

incorporate the re-creation of seagrass habitat. In Virginia, USA, the recreation of temperate 

seagrass habitat has been successful in areas (e.g, South Bay, Hog Island Bay, Spider crab 

Bay and Cobb Bay) that had remained unvegetated for over 70 years (Orth et al., 2020). 

Although this is not always the case, the loss of seagrass can create a feedback loop whereby 

the loss of the vegetation and plant canopy changes the environmental conditions, leading to 

increased hydrodynamic activity, increased sediment resuspension and therein reduced light 

availability, which accumulatively makes the area less suitable for seagrass and thus harder 

to revegetate. Vegetative habitats house communities of vascular plants, which 

photosynthetically fix large quantities of organic carbon that is then sequestered into the 

sediment (Global seagrass sediment average = 139.7 Mg Corg haī1) (Fourqurean et al., 2012). 

This makes the restoration of coastal vegetative habitats, such as seagrass, in unvegetated 

areas a suitable management scenario to support enhanced organic carbon storage (i.e., 

conversion of unvegetated areas to vegetated).  

Successful re-creation of seagrass habitat has been shown to increase carbon stocks 

compared to levels prior to vegetation, with the rate of carbon sequestration increasing with 

the time since restoration (Orth et al., 2020; Marba et al., 2015). In fact, the rates of carbon 

burial 18 years after revegetation were comparable to meadows that have been continuously 

vegetated, (Marba et al., 2015) but this also demonstrates the time lag between habitat 

conversion and the re-establishment of the ecosystem services provided by established 

seagrass. This example of successful re-establishment of carbon burial 18 years post 

restoration, is one successful example of restoration re-establishing ecosystem services 

provision, but in other cases it may take longer to increase carbon burial rates or re-

establishment may not be successful. Consideration should be given to the global 

heterogeneity in seagrassô carbon accumulation and stock (Lavery et al., 2013), which means 

potential seagrass re-creation projects may not always lead to the same extent of organic 

carbon stock enhancement. Further to this, immediate management actions to recover the 

seagrass canopy after disturbances have been shown to significantly reduce CO2 emissions 

from seagrass sediment (Dahl et al., 2023). Degradation of seagrass habitat implies a 

reduction in habitat quality alongside in some cases the total loss of the habitat. Given habitat 

characteristics (e.g., species composition, canopy complexity, nutrient availability) influence 

the organic carbon sequestration capacity of seagrass habitat (Mazarrasa et al., 2018), any 
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degradation of these characteristics also degrades the habitatôs carbon storage function. 

Therefore, maintaining seagrass habitat quality (e.g., habitat characteristics) and presence is 

important to avoid GHG emissions from seagrass habitat degradation and loss, especially in 

comparison to the alternate state post degradation (e.g., bare substrate).  

Management scenarios focusing on carbon enhancement will need to determine when the 

conversion of an area to a different habitat will likely lead to a successful net gain in carbon 

storage value; this relies on an understanding of the organic carbon storage capacity of 

different habitat types. Unvegetated tidal flats (e.g., mud and sand flats) do not lack the means 

to store organic carbon because they lack vascular plants, as many benthic macro- and 

microalgae often inhabit the surface of the sediment and, photosynthesise thereby converting 

dissolved inorganic carbon into organic carbon. Indeed, globally, tidal flat sediments can store 

substantial quantities of carbon, i.e., 0.9 Pg C (in the top metre of sediment; Chen and Lee, 

2022). Although, the contribution of allochthonous carbon from the overlying water column to 

unvegetated tidal sediments, may sometimes dominant in comparison to autochthonous 

organic carbon from macro and micro algae sources (Jassby et al., 1993). Changes in 

freshwater inflows have been shown to cause interannual changes in the organic carbon 

supply to unvegetated tidal flats between autochthonous phytoplankton production and 

allochthonous riverine loading (Jassby et al., 1993). Preferential accumulation of particulate 

organic matter in mudflat sediments occurs in sites which are sheltered and near to shore 

(Galois et al., 2000). Therefore, the relative supply of allochthonous carbon and its contribution 

to unvegetated tidal flat sediments can vary spatially and temporally. Both vegetated and 

unvegetated intertidal habitats can store large quantities of carbon, this highlights that it is the 

anoxic nature of sediment which is important for organic carbon accumulation. Anoxic 

sediment slows down decomposition rates, which alongside the ready supply of 

autochthonous or allochthonous particulate matter, can support the burial and trapping of 

organic carbon in anoxic sediment (Phang et al., 2015). Therefore, it is vital to determine the 

organic carbon stock of unvegetated sediments and existing seagrass habitat, to determine 

the expected net gain in carbon stock from restored or recreated seagrass habitats versus the 

alternate unvegetated state.  

Seagrass sediment organic carbon stock enhancement has been determined by subtracting 

baseline unvegetated organic carbon stocks from those measured within temperate seagrass 

(Potouroglou et al., 2021; Oreska et al., 2020). The VM0033 wetland offset-credit accounting 

framework (Emmer et al., 2021) considers a certifiable GHG offset benefit to be the net CO2 

(or equivalent GHG) removal from the atmosphere attributable to a restoration project minus 

any GHG emission increases (Oreska et al., 2020; Emmer et al., 2021). In this manner, the 

credits are focused on the additionality of GHG offset potential provided by seagrass versus 
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baseline scenarios. Assessing seagrass sediment organic carbon stock enhancement is only 

one part of a complete GHG inventory. However, the VM0033 accounting framework principles 

of additionality are utilised to assess carbon stock enhancement by focusing on additionality 

inside one carbon pool within a seagrass habitat (e.g., sediment).  

Seagrasses typically grow on soft substrates that range from fine muddy sediments to coarse 

sandy sediments, with fine sediments typically associated with sheltered seagrass sites and 

sandy sediment with wave-exposed sites (Widdows et al., 2008; van Katwijk et al., 2010). 

Sediment characteristics (including, sediment dry bulk density, mud or silt content, and 

porosity) often explain a high proportion of the variation in temperate seagrass sedimentary 

organic carbon (Röhr et al., 2016; Postlethwaite et al., 2018; Röhr et al., 2018; Lima et al., 

2020). The degree of sediment sorting can be used as a proxy to estimate exposure at sites 

(e.g., sheltered or exposed), indicating that sediment characteristics within a seagrass 

meadow are partly driven by the exposure of the sampled meadow (Folk and Ward, 1957; 

Röhr et al., 2016; Röhr et al., 2018). It is thought that the accumulation of fine-grained size 

fractions in seagrass sediments, relative to those accumulated in bare substrate, supports 

carbon storage in seagrass meadows (Miyajima et al., 1998). The sediment characteristics of 

seagrass meadows are partially driven by the presence of the seagrass canopy and the 

relative reduction in flow which occurs within the canopy, enabling increased fine particle 

settlement. However, this probably is context dependent, and constant high exposure may 

lead to the resuspension and export of organic carbon even in the presence of vegetation 

(Zhou et al., 2016). Zostera marina can be found in both sand and silt sediments (Mills and 

Fonesca, 2003), therefore sediment type and particle size may impact the retention of organic 

carbon within the sediment.  

In both vegetated and unvegetated sediments, water currents resuspend the top layer of the 

sediment and increase flushing into the sedimentôs interstitial spaces, which increases oxygen 

penetration into the sediment (Malan and McLachlan, 1991). The oxygen penetration depth 

and as such the oxic sediment zone for marine sediments typically extends to a few mm (4 - 8 

mm) and increases with sediment porosity and permeability (e.g., higher in sandy versus 

muddy sediment), although some marine sediments can experience water exchange down to 

10cm (Malan and McLachlan, 1991; Archer and Devol, 1992; Christensen et al., 1984). The 

variation in oxygen penetration depths can be driven by different processes including diffusive 

fluxes, wave action and bio-irrigation (e.g., animal burrows) (Archer and Devol, 1992; 

Christensen et al., 1984; Cai and Sayles, 1996). The penetration of oxygen into the sediment 

increases carbon remineralisation, and it occurs to a greater extent when larger particles 

rather than fine particles are present. Fine particles are more easily resuspended and exported 

in high exposure conditions (Zhou et al., 2016). The removal of these fine particles leaves a 
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higher proportion of larger sediment size particles in situ. As such, there are often local and 

regional differences in the accumulation of organic carbon following an exposure gradient 

(Hendriks et al., 2008; Röhr et al., 2018), as the deposition of fine sediment particles in less 

exposed areas increases the retention of organic carbon within the sediment. The Uddenï

Wentworth scale is widely accepted and used as the practical standard for observations and 

deductions regarding sediment type, based on sediment particle size (Udden 1914; 

Wentworth 1922; Folk 1954). This scale recognizes three fractions, gravel, sand, and mud, 

with the latter divided into silt and clay classes (Wentworth 1922). Therefore, it is important to 

understand sediment particle size distribution in both unvegetated and vegetated seagrass 

habitats, the influence this may have on their carbon storage capacity.  

In the UK, seagrass enhancement of sedimentary organic carbon has been assessed in 

Scotland, whilst a comparison of seagrass versus unvegetated sediments has been 

documented in the South of England (Potouroglou et al., 2021; Lima et al..,2022). However, 

in these instances, the unvegetated baselines were only reported at the stock or whole-core 

level. They did not describe whether variability in organic carbon occurred through the 

unvegetated cores. It was also not determined whether the sediment characteristics which 

explained the variation in seagrass sediment organic carbon (Lima et al., 2020) explained the 

relative variation in organic carbon stored in unvegetated sediments.  

This present study completes an assessment of net seagrass sediment organic carbon 

enhancement (Potouroglou et al., 2021; Oreska et al., 2020). Furthermore, it analyses the 

variations in carbon content and sediment particle size with sediment depth of both 

unvegetated and vegetated sediment. This analysis allows the assessment of the sedimentôs 

physical properties and their role in the storage of organic carbon in both vegetated seagrass 

and unvegetated alternate habitats, which is imperative given that habitat re-creation would 

require a transition from the unvegetated to the vegetated state. This study considers carbon 

and sediment characteristics for representative muddy and sandy intertidal vegetated and 

unvegetated areas around the South coast of the UK. 

 

2.2 Methods 

2.2.1 Study sites  

This study was conducted at three intertidal Zostera spp. seagrass meadows within the Solent, 

South of England (Figure 2.2). The chosen meadows were collectively considered 

representative of the area, present on muddy and sandy substrates. Farlington Marshes is 

situated at the North of Langstone harbour, sheltered by saltmarsh and adjacent to a concrete 



24 
 

seawall (2.4 +CD drying height). The Outer Kench sits at the South of Langstone Harbour on 

the westerly side of Hayling Island, and the seagrass is situated adjacent to a sandbank, which 

is a remnant from the historic Billy Hayling train line, a small channel that cuts around through 

the sank bank from the harbour entrance (1.9 m + CD drying height). This site is subject to 

higher hydrodynamic activity than Farlington Marshes, as it is in closer proximity to the mouth 

of the harbour, which is a squeeze point as the tide moves in and out of the harbour. The tidal 

currents are strongest within Langstone harbour at the entrance (Spring tidal cycle xↄ   = 0.815 

m s-1, Neap tidal cycle xↄ   = 0.415 m s-1) with tidal stream predictions peaking at 1.7 m s-1 

towards the end of the flood on spring tides (Cefas, 2013). In comparison, the tidal currents in 

the main channel further into the harbour indicate tidal stream predictions only peaking at 0.8 

m s-1 towards the end of the flood on spring tides (Spring tidal cycle xↄ = 0.377 m s-1, Neap tidal  

 

Figure 2.2. The study sites sampled across the Solent, South of England. FM = Farlington 

Marshes; OK = Outer Kench; RY = Ryde. The study sites house intertidal seagrass on muddy 

(Farlington Marshes and Outer Kench) and sandy substrate (Ryde); locations of the seagrass 

(green) and unvegetated (grey) sediment cores are presented. Base map ArcGIS, utilising 

satellite imagery from Earthstar Geographics and Maxar Microsoft.  
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cycle xↄ   = 0.215 m s-1) (Cefas, 2013). Ryde is a sandy intertidal coastal seagrass site, on the 

Isle of Wight, subject to high wave action; the seagrass meadow sits adjacent to Ryde pier 

and is bordered on one side by a concrete sea wall (1.6 m + CD drying height). 

2.2.2 Seagrass site characterisation 

Surveys were conducted on foot in June and July 2022 to characterise the seagrass and 

canopy structure. The surveys started from the meadow strandline and consisted of five 150m 

transects perpendicular to the shoreline, 50m apart. At every 10m interval along the 150m 

transects, 50 x 50cm quadrats were placed to determine seagrass percentage cover (Cover) 

(%) and relative seagrass species composition (%). Within the 50 x 50 quadrat a 10 x 10cm 

subsection which contained seagrass was chosen for shoot density (ShootCount); the number 

of blades (BNumber) (shoot-1) from three randomly selected shoots; blade length (Blength) and 

blade width (Bwidth) (cm) from three randomly selected blades. Alongside, these shore-height 

profiles were obtained using ranging poles along each transect.   

Seagrass cover (%), Species composition (%) and Blength representative of canopy height were 

all used as standalone plant biometrics. To calculate a weighted shoot density (ShootD) (m-2), 

which accounts for the overall coverage of seagrass shoots within the meadow, ShootD was 

calculated as follows: 

ὛὬέέὸ ὛὬέέὸ    . 

Plant surface area for individual seagrass shoots (ShootSA) was calculated as follows: 

ὛὬέέὸ ὄ ὄ  ὄ . 

Used in combination, these metrics can be used to calculate the Leaf area index (LAI) 

(modified from Ward et al., 2022): 

ὒὃὍὛὬέέὸ ὛὬέέὸ. 

2.2.3 Sediment sampling 

Three sediment cores were collected in the vegetated seagrass areas, each from 70 m along 

transects A, C and E. Three further cores were collected from each site in continuously non-

vegetated areas (Figure 2.2). All cores were collected between the 29th of July and the 31st of 

August 2022.  The unvegetated areas with similar substrates but no seagrass present were 

selected. At Ryde, permission was only granted to collect cores within the land owned by 

Wightlink ferries, so all three vegetated seagrass cores were collected on transect A, whilst 
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the unvegetated cores had to be taken in the upper intertidal area where no seagrass was 

present, to fall within the permissible coring boundary (Figure 2.2). The cores were collected 

on foot by driving a metal split corer (Van Walt) into the sediment to a depth of 30 cm (internal 

core diameter = 6.5 cm). The collection of cores was repeated until 30cm cores showing no 

compaction were obtained. The split corer was opened onsite for subsampling to prevent 

sediment mixing within the core, which can occur during transport off site (Figure 2.3). To 

account for the potential of shallow oxygen penetration depths within our sediment cores, the 

chosen core subsampling strategy utilised whole core slices beginning initially with very fine 1 

cm intervals for 0 ï 5 cm depth, followed by coarser 5 cm intervals from 5 ï 30 cm depth (10 

subsamples core-1). After slicing, subsamples were placed into sterile sample bags and 

returned to the Institute of Marine Science, where they were frozen at -20 °C, until later 

processing for carbon and particle size analysis. 

 

Figure 2.3. Typical intertidal seagrass habitat with A muddy and B sandy surface sediment.   

Muddy surface sediment at Farlington Marshes and Hayling Island (Farlington Marshes 

pictured). Sandy surface sediment encountered at Ryde. Core profiles also depicted 

alongside. 

2.2.4 Sediment carbon analysis 

Before the processing could begin, the samples were left to defrost overnight. The sediment 

samples were dried in an oven at 40 °C for at least 96 hours and then weighed to determine 

their dry weight (dw). Macroscopic items such as roots, rhizomes and large shell fragments 

were removed from sediment samples to isolate sedimentary carbon from belowground 

biomass (Oreska et al., 2018). The sample volume (V) was calculated using the sediment 

thickness or slicing interval height (h) and the radius of the core barrel (r) as follows:  

ὠ “ὶὬ. 

Dry bulk density (DBD) was then calculated and expressed in g cm-3 as follows:  
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ὈὄὈ . 

The samples were homogenised initially by pestle and mortar and then thoroughly using a 

Fritsch Pulverisette 7 ball mill (Fritsch International), spun at 700 rpm for up to 7 minutes, 

dependent on sample size. To prepare samples for elemental analysis, 10 ± 0.30 mg sediment 

samples were parcelled into both tin and silver capsules in duplicate, with a random triplicate 

made after every tenth sub-sample. To distinguish organic carbon (OC%), concentrated 

hydrochloric acid(aq) (60 µl) was added to the silver capsules (according to, Verardo et al., 

1990). Samples were observed for any bubble formation; if there were no bubbles, no further 

acid was added, if bubbles were still forming, further acidification completed until no visible 

reaction. After acidification, the samples were dried at 40 °C for at least 24 hours. Total carbon 

(CTotal%) and organic carbon (Corg%) content was determined with a Flash 2000 Elemental 

Analyser (Thermo Scientific). The soil carbon density (SCD) expressed in g cm-3 was 

calculated using DBD and percentage carbon (CTotal% or Corg%): 

ὛὅὈ ὈὄὈ Ø ὅ Ϸ, 

ὛὅὈ ὈὄὈ Ø ὅ Ϸ. 

To calculate the carbon stock (Cstock h
-1) within the 30cm core, the amount of carbon within 

each core interval was first calculated with the soil carbon density and the interval height (h) 

as follows:  

ὅ  Ὤ ὛὅὈ Ø Ὤ, 

and then the quantity of carbon within each core interval was summed up to calculate the total 

carbon stock (Cstock) in the individual core: 

ὅ   Вὅ  Ὤ . 

A unit conversion was also applied to express Cstock in Mg C ha-1. 

2.2.5 Sediment particle size analysis 

The pre-treatment for particle size analysis was done to 10g of each sediment sample using 

hydrogen peroxide (H2O2) as an oxidant and sodium hexametaphosphate (SHMP) as the 

deflocculant (Onabule et al., 2020). H2O2, removes organic material to achieve accurate 

sediment grain size measurements. In all H2O2 procedures, accounting for potential overflow 

of the sample due to potential violent reactions to high sediment organic content leads to 

differences between protocols (Jaijel et al., 2021). Initially, 30 ml of H2O2 was added to the 
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sediment samples and shaken at intervals over three days. Where necessary, additional H2O2 

was added until no visible reaction was observed. The mixtures were then evaporated using 

a hotplate into a thick paste. To the samples 50 ml of SHMP solution was added and left to 

soak overnight to saturate the clay exchange complex with the mono-valent ion Na (sodium), 

which aids disaggregation and dispersion of the sample.  

Laser diffraction analysis was completed with a Malvern Mastersizer 2000 laser analyser. The 

sodium hexametaphosphate mixture was reinvigorated, and then 1-1.5 ml pipetted into RO 

water to pass through the machine. Samples were analysed in triplicate, and the average 

sediment size determined. The particle size distribution of a sample produces the values D10, 

D50 (Median), and D90, namely the sediment diameter size (µm) where 10%, 50% or 90% of 

the particles are distributed below this value.  

2.2.6 Data analysis  

Seagrass canopy characterisation 

Our analysis on aboveground plant biometrics focused on distinguishing if the canopy 

structure of the seagrass meadows varied between sites, utilising the following variables: total 

seagrass cover, species composition, ShootD, BNumber, Blength, Bwidth and LAI. Shapiro-Wilk tests 

confirmed that the data did not conform to normal distribution when grouped by site. Therefore, 

Kruskal Wallis tests were used to assess if there was a significant difference in the seagrass 

characteristics between sites, with pairwise Wilcoxon tests utilised as the post hoc test and 

adjusted by the Benjamini-Hochberg procedure.  The average presented is the median, where 

the interquartile range (25th and 75th percentile) is given the data is presented as boxplots and 

where the exact range is given the data is presented as violin plots. Site location (Ryde, 

Farlington Marshes and the Outer Kench) was considered the sole factor to test our a priori 

hypothesis. 

Carbon stock enhancement 

The three core replicates of each habitat classification at each site meant that finding a suitable 

distribution for all Cstock (Total and Organic) data was challenging. Shapiro-Wilk tests were 

used to test if the Corg stock data conformed to the normal distribution when grouped by Site 

and habitat classification, if the data did not conform to normal distribution a visual inspection 

of the q-q plots is used to assess if the data is close to normal distribution. Therefore, ANOVAs 

were used to assess if there was a significant difference in the average Corg dependent on 

habitat classification and site.  
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However, to consider the net gain of Corg, in the context of restored seagrass for carbon 

accreditation, the difference between the baseline unvegetated Corg stock and the vegetated 

Corg within a project area is utilised (Emmer et al., 2015; Oreska et al., 2020). Although none 

of the sites in this study were restored seagrass sites, in this context, a direct comparison of 

the unvegetated and vegetated Corg stocks from the same site would inform the potential net 

Corg at each site from seagrass presence (Potouroglou et al., 2021). Where the site's data 

conformed to normality and showed equal variances, a t-test was applied. When the normality 

was assumed but unequal variance occurred, a Welch Two sample test was applied. Finally, 

a Wilcoxon test was applied if the siteôs data did not conform to normality.  

Organic carbon density profiles 

The seagrass organic carbon density depth profiles were presented alongside the óreferenceô 

unvegetated total average organic carbon density across the depth and triplicate cores, to 

demonstrate any seagrass-enhancement of organic carbon density as recommended in the 

VCS VM0033 wetland offset-credit accounting methodology (Emmer et al., 2015), and utilised 

in existing seagrass enhancement studies (Oreska et al., 2020; Potouroglou et al., 2021). 

Further to this, at each site, linear models were used to determine the statistical significance 

of habitat classification on Corg density depth profiles. Therefore, habitat classification 

(seagrass, unvegetated) and depth below the sediment surface were considered the main 

factors on sediment Corg density. They were considered as fixed factors, including any 

interaction between them. The full model was therefore:  

Corg density ~ Habitat classification + Depth + Habitat classification * Depth. 

To determine the statistical significance of habitat classification and depth to individual sites, 

the models were applied separately to each site location. Following the same process for each 

site, main and interaction terms were removed from the model if non-significant. General 

additive models were considered but rejected if the AIC was higher than that of the linear 

model. The maximal linear model with significant terms (at P = 0.05), including those with 

interaction terms, was utilised to categorise the sediment profile patterns of Corg density 

(modified from Potouroglou et al., 2021). If the slope was negative, the Corg density was 

classified as óDecreasingô; if the slope was positive, it was classified as óIncreasingô. Models 

where depth was not retained as a fixed factor were classified as óMixedô.  

Sediment particle size 

The sedimentôs median particle size distribution value (D50) was averaged across the ten 

sediment depth subsamples collected from 3 cores of each habitat classification (n = 30) to 

produce the overall average sediment particle size in the top 30cm. The average D50 
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sediment particle size (µm) is also presented in the phi scale, and categorised according to 

the UddenïWentworth size classification (Udden 1914; Wentworth 1922; Folk 1954). The phi 

value is calculated from the particle diameter (D50) in millimetres: 

ɮ ὰέὫ$υπ 

Linear models were applied to determine the statistical significance of seagrass canopy 

presence on sediment particle size distribution along the depth profiles at our sites. Each site 

was considered individually to test our a priori hypothesis on the influence of seagrass canopy 

presence and absence on sediment particle size. Therefore, habitat classification (seagrass 

and unvegetated tidal flat) and depth below the sediment surface were considered as fixed 

factors, including their interactions. The complete model was therefore:  

Sediment particle size ~ Habitat classification + Depth + Habitat classification * Depth 

The models were applied separately to each site location to determine the statistical 

significance of the factors in each site. 

Assessment of variable contribution to sediment characteristics 

The ófactoextraô package in R was utilised to perform a principle component analysis and 

holistically extract and summarise the sediment data. The sediment variables used in the PCA 

were dry bulk density, median sediment size, the sediment size below which 90% of the 

particles are distributed, and the raw percentage of Corg and Corg density. The sediment 

characteristics were displayed as biplots of the summary indices to observe trends, jumps, 

clusters and outliers. The importance of each variable was expressed as a percentage 

contribution. Initially, the PCA was performed on the entire dataset to distinguish the dominant 

variables driving between-site differences. The PCA was then completed at each site 

individually to determine the dominant variables driving within site variation. The data 

visualisation focused on distinguishing habitat classification (Seagrass and unvegetated) 

whereby ellipses highlight the point concentration (level = 95%) and each sediment depth 

category by colour. 

 

2.3 Results 

2.3.1 Seagrass canopy characterisation 

The overall seagrass cover was lowest at the Outer Kench (xӉ = 10, IQ range = 0 to 45 %), 

followed by Ryde (xӉ = 24, IQ range = 1.4 to 46 %) and highest at Farlington Marshes (xӉ = 30, 

IQ range = 6 to 50 %) (Figure 2.4A.). Whilst there was no significant difference in overall  
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Figure 2.4. A Seagrass cover and seagrass species composition (%) (n = 80) B. Shoot density 

(ShootD) (m-2) C. Blades per shoot (BNumber) (shoot-1) D. Blade length (Blength) (cm) E. Blade 

width (Bwidth) (cm) F. Leaf Area Index (LAI) (cm-2 m-2). Errors bars represent interquartile range. 

(Plant metrics; RY n = 64; FM n = 68; OK n = 55). ** = Significantly different from all other sites 

P < 0.01. Other significant pairwise differences * = P < 0.05. 
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seagrass cover (ɢ2
 (2) = 4.6634, P = 0.097), the dominant seagrass species differed between 

sites, Nanozostera noltii was dominant at Ryde (xӉ = 24, range = 0 to 74 %) and Farlington 

Marshes (xӉ = 18, IQ range = 0 to 90 %), whilst Zostera marina was prevalent at the Outer 

Kench (xӉ = 20.0, range = 0 to 98 %). Therein, there was a significant difference in Z. marina 

cover between sites (ɢ2
 (2) = 47.13, P < 0.001), with significantly higher Z. marina in the Outer 

kench than Farlington Marshes (P < 0.01) and Ryde (P < 0.01) (Supp. 3. Table 1). There was 

also a significant difference in Z. marina cover between Ryde and Farlington (P < 0.01). There 

was a significant difference in N. noltii cover between sites (ɢ2
 (2) = 43.849, P < 0.001), with 

significantly higher N. noltii in Ryde and Farlington Marshes than at the Outer Kench (P < 

0.01). There was no difference in N. noltii cover between Ryde and Farlington Marshes. 

There was no significant difference in seagrass shoot density between sites (ɢ2
 (2) = 0.374, 

P = 0.829), ranging from xӉ = 525 m-2 (IQ range = 100.5 to 1260 m-2) at Outer Kench to xӉ = 

700 m-2 (IQ range = 120 to 1352.5 m-2) at Ryde (Figure 2.4B). There was a significant 

difference in the number of blades per shoot between sites (BNumber) (ɢ
2
 (2) = 92.754, P < 0.001). 

Pairwise comparison showed that sites were all different from each other, with the BNumber 

ranging from xӉ = 3 (Range = 2 to 6) at Ryde to xӉ = 7 (Range = 3 to 17) at the Outer Kench 

(Figure 2.4C).  There was a significant difference in seagrass canopy height (Blength) between 

sites (ɢ2
 (2) = 15.139, P < 0.001). Pairwise comparison showed that Farlington Marshes had a 

significantly shorter canopy height xӉ = 5.3 cm (IQ range = 4.2 to 7.6 cm), than compared to 

the Outer Kench xӉ = 8.3 cm (IQ range = 5.2 to 9.7 cm) and Ryde xӉ = 6.9 cm (IQ range = 5.8 

to 8.8 cm) (Figure 2.4D). There was also a significant difference in seagrass blade width 

between sites (ɢ2
 (2) = 51.321, P < 0.001), with significantly wider blades at the Outer Kench xӉ 

= 0.18 cm (Range = 0.08 to 0.33 cm) compared to both Farlington Marshes and Ryde (Figure 

2.4E), likely corresponding to the greater proportion of Z. marina. There was also a significant 

difference in the leaf area index (LAI) of the seagrass canopy at the three sites (ɢ2
 (2) = 51.321, 

P < 0.001). The lowest canopy LAI was at Ryde (xӉ = 1362, IQ range = 464 to 3637 cm-2m-2), 

followed by Farlington Marshes (xӉ = 1203, IQ range = 357 to 3247 cm-2m-2), and the Outer 

Kench (xӉ = 4667, IQ range = 449 to 13964 cm-2m-2) (Figure 2.4F). Pairwise comparison 

showed that the Outer Kench had a significantly higher LAI than Ryde (P = 0.021) and 

Farlington Marshes (P = 0.021).  

2.3.2 Sediment carbon content 

At each site, the highest Corg stocks were in the vegetated seagrass sediment versus 

unvegetated sediment; however, the quantity of organic carbon stored varies between each 

site. Ryde had the lowest Corg stocks in both vegetated seagrass sediment (xↄ = 3.40 SD ± 0.50 

Mg C ha-1) and unvegetated sediment (xↄ   = 2.36 SD ± 0.54 Mg C ha-1). Whilst the highest Corg 
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stocks were found at Farlington Marshes in both the vegetated seagrass (xↄ = 31.29 SD ± 2.26 

Mg C ha-1) and unvegetated sediment (xↄ = 27.01 SD ± 1.92 Mg C ha-1). Shapiro-Wilk tests 

confirmed that the Corg stock data generally conforms to the normal distribution when grouped 

by Site and habitat classification (Supp. 3. Table 2 and Supp. 3. Fig. 1). This showed that there 

is a significant difference in average Corg between sites (F(2,14) = 544.402, P < 0.01) and 

between habitat classifications (F(1,14) = 8.701, P = 0.011), though the interaction between 

these terms were not significant.  

Pairwise comparisons of vegetated and unvegetated sediment undertaken independently for 

each site revealed that the vegetated Corg stock was not significantly different to the óbaselineô 

unvegetated sediment Corg stock from the same site (Table 2.1). So, even if a net gain was 

observed for seagrass sediment Corg stock at each site (Figure 2.5D), such an increase was 

not significant when compared to the baseline unvegetated Corg stock on the same site.  

Table 2.1. Pairwise comparisons of the baseline (unvegetated) and vegetated (seagrass) 

Corg stock at each site. Statistical test specified, alongside relevant test statistic and P value 

(Shapiro Wilk tests for normality and variance data presented in Supp. 3. Table 2). 

Site Test utilised Test statistic P value 

Ryde T-test T = 2.4598 0.070 

Farlington Marshes Wilcoxon W = 9 0.1 

Outer Kench 
Welch Two sample 

t-test 
T = 1.3483 0.299 

The comparison of Corg stock was obtained as an aggregated representation of the Corg in the 

top 30cm of sediment. However, the Corg density depth profile of the seagrass sediment was 

highly variable across sites, which led to contrasting mixed, increasing and decreasing profiles 

(Figure 2.6). In Ryde, the Corg in the top 1cm sediment layer (xↄ = 1.63 SD ± 0.17 Corg mg cm-3) 

was the furthest from the siteôs reference baseline of xↄ = 0.88 SD ± 0.43 Corg mg cm-3, with the 

reference baseline being the unvegetated sedimentôs total average organic carbon density 

across depth and triplicate cores. In Farlington Marshes, the Corg in the bottom 25 - 30cm 

sediment layer (xↄ = 11.62 SD ± 1.18 Corg mg cm-3) was the furthest from the siteôs reference 

baseline of xↄ = 9.34 SD ± 1.75 Corg mg cm-3, this value was closely followed by the Corg in the 

top 1cm sediment layer (xↄ = 11.25 SD ± 3.41 Mg). However, at Farlington Marshes, high 

variability existed in the seagrass Corg density within most layers of the sediment (Figure 2.6). 

In the Outer Kench, the Corg in the 2 ï 3 cm sediment layer (xↄ = 12.10 SD ± 3.00 Corg mg cm-3)  



34 
 

 

 

 

 

Figure 2.5. Carbon stock (CTotal and Corg) (Mg C ha-1) from seagrass and unvegetated 30cm 

sediment cores (n = 3) across the Solent: A Ryde, B Farlington Marshes and C Outer Kench. 

D. Net Corg stock (Mg C ha-1) the difference between the baseline average unvegetated Corg 

stock and the vegetated Corg stock (n = 3). Errors bars represent standard deviation. Solid 

lines represent Corg and dashed lines CTotal. 
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was the furthest from the siteôs reference baseline of xↄ = 8.43 SD ± 1.26 Corg mg cm-3, although 

this was closely followed by the Corg in the top 1cm sediment layer (xↄ = 11.59 SD ± 1.76 Mg), 

which demonstrates less variability in the average Corg density.  

At Ryde, there was no overall effect of depth or any interaction effect between depth and 

habitat classification. The vegetated and unvegetated sediments both demonstrated mixed 

depth profiles, and the reference baseline was a good reflection of the Corg density in the 

unvegetated sediment. Consequently, at Ryde the predicted Corg density of vegetated 

sediment was significantly higher than the unvegetated sediment (LM: F1,58 = 4.416, P < 0.05), 

given no effect of depth (Supp. 3. Fig. 2A). In comparison, at Farlington Marshes the seagrass 

sediment displayed an increasing depth profile whilst the unvegetated sediment displayed a 

decreasing depth profile. This identifies a significant interaction between habitat classification 

and the sediment depth on Corg density in Farlington Marshes (LM: F3,56 = 3.231, P < 0.05) 

(Supp. 3. Fig. 2B). Consequently, at Farlington Marshes the predicted Corg density of the 

unvegetated and vegetated sediment is most distinct at the bottom of the sediment cores. 

However, there is considerable variation in Corg density within the lower depth intervals (5 ï 

25 cm) of the seagrass sediment at Farlington, the highest variation across all sites and 

sediment depth profiles; therefore, change in Corg with depth describes a small proportion (R2 

= 14.75%) of the Corg density data. The Outer Kenchôs seagrass sediment displayed a 

decreasing Corg density depth profile, whilst the unvegetated sediment displayed an increasing 

depth profile. This indicates a significant interaction between habitat classification and the 

sediment depth (LM: F3,56 = 4.652, P < 0.01; R2 = 19.95%) (Supp. 3. Fig. 2C). Consequently, 

at the Outer Kench the predicted Corg density of the unvegetated and vegetated sediment is 

most distinct from each other at the top of the sediment profile. 
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Figure 2.6. The downcore profile average seagrass-enhanced organic carbon density (mg 

cm-3) within seagrass sediment (left, green panel) and average organic carbon density of the 

reference unvegetated sediment (right, brown panel) (n = 3). The grey area is the óreferenceô 

unvegetated total average organic carbon density across the depth and triplicate cores. All 

error bars standard deviation. Sites: RY = Ryde, FM = Farlington Marshes, OK = Outer Kench. 
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2.3.3 Sediment particle size 

In Ryde, the average particle size in the top 30cm of the sediment was larger for vegetated 

seagrass areas (xↄ   = 206.63 SD ±11.3 µm) versus unvegetated ones (xↄ   = 219.17, 

SD ±6.6 µm), though both are categorised as fine sand based on the UddenïWentworth 

sediment type classification (Udden 1914; Wentworth 1922; Folk 1954). In comparison, the 

average particle size in the top 30cm of sediment at Farlington Marshes and the Outer Kench 

were classified as either medium or fine silt (Table 2), with a larger average particle size in the 

unvegetated areas (FM xↄ = 21.45 SD ±9.5 µm; OK xↄ = 24.41 SD ±14.9 µm) than in the 

vegetated seagrass ones (FM xↄ = 17.65 SD ±6.8 µm; OK xↄ = 12.01 ±3.9 µm).  

Sediment particle size distribution varied down the sediment depth profiles for vegetated and 

unvegetated sediment (Figure 2.7). Different trends were observed for the sediment particle 

size distribution (e.g., Dx50, Dx90) when considering habitat classification and sediment depth 

profile as factors for each site. The median (D50) sediment particle size in Ryde was 

significantly higher (D50 LM: F2,57 = 12.92, P < 0.01) for vegetated seagrass sediment versus 

unvegetated, and both had sediment particle sizes that increased with depth (Supp. 3. Fig. 

3A). When accounting for 90% of the sediment particle distribution (D90) there was no 

significant difference between the vegetated and unvegetated sediment (Supp. 3. Fig. 3B), 

although the particle sizes of both sediment types significantly increased with depth (D90 LM: 

F1,58 = 4.093, P = 0.048).  

Farlington Marshesô median (D50) particle size was not influenced by depth or habitat 

classification or any interaction between the two (Supp. 3. Fig. 4A). However, when accounting 

for 90% of the sediment particle distribution (D90), the Farlington Marshes unvegetated 

sediment particle size decreased with depth, whilst the seagrass sediment D90 increased with 

depth so that the vegetated and unvegetated D90 particle size converged with increasing 

depth from the sediment surface. The D90 sediment particle size in the vegetated and 

unvegetated sediment were most different from each other in the initial layers of the sediment 

(0-5 cm) below the surface (Figure 2.7; Supp. 3. Fig. 4B). This identifies a significant 

interaction between depth and habitat classification when accounting for the wider sediment 

particle size distribution (D90 LM: F3,56 = 3.998, P < 0.01; Supp. 3. Fig. 4B). 

The Outer Kench unvegetated sediment D50 and D90 decreased, whilst the seagrass 

sediment D50 and D90 stayed relatively constant with depth. The difference between 

vegetated and unvegetated sediment was most distinct at the top of the core profile (Figure 

2.7). This proved that for both the D50 (median) and D90 sediment particle size in the Outer 
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Table 2.2. Sediment size classification across the study sites for both vegetated and unvegetated sediments. The siteôs average sediment particle 

size, in the top 30cm, is an average of the ten sediment depth subsamples collected from 3 cores of each habitat classification (n = 30). 

Site 
Habitat 

classification 

Average 
sediment 

particle size 
(µm) 

ū value 
Sediment 

classification 

Average range sediment particle 
size distribution (µm) 

Uniformity 

Dx (10) Dx (90) 

Ryde 

Unvegetated 206.63 (±11.3) 2.3 Fine sand 
132.47 (±11.2) 314.80 (±20.0) 

0.27 

Seagrass 
219.17 (±6.6) 

2.2 Fine sand 
147.50 (±5.6) 320.67 (±11.6) 0.24 

Farlington 
Marshes 

Unvegetated 
21.45 (±9.5) 

5.5 Medium silt 
2.72 (±0.4) 70.57 (±19.1) 1.10 

Seagrass 
17.65 (±6.8) 

5.8 Medium silt 
2.56 (±0.5) 62.65 (±12.8) 1.17 

Outer Kench 

Unvegetated 
24.41 (±14.9) 

5.4 Medium silt 
2.38 (±0.6) 88.97 (±37.6) 1.26 

Seagrass 
12.01 (±3.9) 

6.4 Fine silt 
2.44 (±0.4) 64.38 (±20.3) 1.54 
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Figure 2.7. Sediment particle size (µm) distribution with depth (cm) below the bed surface 

from seagrass and unvegetated 30cm sediment cores (n = 3). D10, D50 (Median), D90 = the 

sediment diameter size where 10%, 50% or 90% of the particles are distributed below this 

value.  Error bars represent standard deviation. RY shown on different sediment size scale. 



40 
 

 

Kench there was a significant interaction between habitat classification and sediment depth 

(D50 LM: F3,56 = 53.14, P = P < 0.01; D90 LM: F3,56 = 41.82, P < 0.01) (Supp. 3. Fig. 5). To 

conclude, the unvegetated sediment at the Outer Kench had a higher proportion of sediment 

particles with a larger diameter compared to the vegetated sediment. This larger sediment 

particle size distribution occurred in the top sediment layers of unvegetated sediment, but did 

not change at the same rate with depth for the seagrass sediment (Figure 2.7). 

2.3.4 Assessment of variable contribution to sediment characteristics 

The main variables driving the large differences seen between sites were dry bulk density and 

median sediment size (Supp. 3. Fig. 6). However, dry bulk density is far less critical for 

describing the within-site data trends. At Ryde, the variables related to sediment size (Dx50 

and Dx 90) and Corg explained the variance within the data similarly. Neither sediment size nor 

Corg was related to changes in the sediment depth profile. Still, there are differences in the top 

2cm of vegetated sediment for the variables associated with Corg concentration (Supp. 3. Fig. 

7). At Farlington Marshes, there was in fact no strong relationship with depth across all of the 

data (Supp. 3. Fig. 8), especially as the two dimensions presented in the biplot only explain 

74.0 % of the variance. At the Outer Kench, median sediment size (Dx50) and Corg ere the 

main explanatory variables and, to a larger extent than the other sites, explained the trends in 

the data; the two dimensions presented in the biplot explain 92.9% of the variance. This 

resulted in distinct clustering of the top 1 ï 5 cm of unvegetated and vegetated sediment 

compared to the sediment data at 5 cm below the sediment surface, which are similar whether 

vegetated or unvegetated (Figure 2.8). The Outer Kench is where the most remarkable 

difference in vegetated and unvegetated sediment characteristics was found. This is driven 

mainly by the difference in sediment particle size in the top layers of unvegetated sediment 

and differences in Corg density in the vegetated. However, the top 1cm layer of both vegetated 

and unvegetated sediment was slightly distinct from all others (Figure 2.8). 
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Figure 2.8. Principle component analysis of sediment characteristics at Outer Kench. 
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Table 2.3. Comparison of vegetated and unvegetated cores taken in similar localities across the Solent. The average DBD and %Corg, presented 

from this study, is an average of all ten sediment depth subsamples within the three cores of each habitat classification (n = 30). The average 

CTotal stock (Mg C ha-1) is an average of the three 30cm cores collected at each site (n = 3). This study is highlighted in grey. 

Sites Habitat type Coordinates 
Data 

collection 

Mean grain 
size  
(µm) 

DBD  

(g dm
-3

) 
% Corg 

CTotal stock  
(Mg C ha-1) 
30cm cores 

CTotal stock  
(Mg C ha-1) 
1m cores 

Study 

Farlington 
Marshes 

(North west) 

Seagrass 50.833889   -1.040000 
Summer 

2017 
48.71 ±29.08 0.94 ±0.09 NA 40.23 ±4.16 NA a 

Seagrass 50.833889 -1.040000 
Summer 

2017 
46.79 ±15.94 1.11 ±0.09 1.08 ±0.10* NA 117.47 ±6.76 b 

Unvegetated 50.833889 -1.040000 
Summer 

2017 
NA NA 2.12 ±0.49* NA NA b 

Farlington 
Marshes 

(East) 

Seagrass 50.828335 -1.034032 
Summer 

2022 
12.01 ±3.9 0.72 ±0.22 1.52 ±0.44 40.03 ±4.77 NA This study 

Unvegetated 
(Mudflat) 

50.824970 -1.028743 
Summer 

2022 
24.41 ±14.9 0.81 ±0.19 1.18 ±0.23 30.15 ±3.04 NA This study 

Hayling Island 
(North west) 

Seagrass 50.798333 -0.996666 
Summer 

2017 
20.37 ±3.28 0.72 ±0.04 NA 51.13 ±7.84 NA a 

Seagrass 50.798333 -0.996666 
Summer 

2017 
20.8 ±4.0 0.74 ±0.03 1.57 ±0.07* NA 112.35 ±6.39 b 

Unvegetated 50.798333 -0.996666 
Summer 

2017 
NA NA 1.30 ±0.09* NA NA b 

Hayling Island 
(Outer Kench) 

Seagrass 50.796156 -1.015454 
Summer 

2022 
17.65 ±3.9 0.57 ±0.13 1.72 ±0.35 37.22 ±1.27 NA This study 

Unvegetated 
(Mudflat) 

50.796284 -1.017700 
Summer 

2022 
21.45 ±9.5 0.79 ±0.22 1.17 ±0.41 32.61 ±7.56 NA This study 

Ryde 
(East) 

Seagrass 50.733889 -1.156389 
Summer 

2017 
225.01 ±7.78 1.46 ±0.03 NA 6.65 ±1.73 NA a 

Seagrass 50.733889 -1.156389 
Summer 

2017 
227.99 ±6.97 1.46 ±0.01 0.47 ±0.01* NA 30.52 ±1.68 b 

Ryde 
(West) 

Seagrass 50.734192 -1.160627 
Summer 

2022 
219.17 ±6.6 1.59 ±0.12 0.07 ±0.03 6.87 ±4.24 NA This study 

Unvegetated 
(Sandflat) 

50.733357 -1.160250 
Summer 

2022 
206.63 ±3.9 1.51 ±0.16 0.06 ±0.03 5.03 ±1.31 NA This study 

*Estimated % Corg; 45 sediment sub samples (approx. 9 per site) were directly measured for %Corg, and a regression analysis to determine the relationship between %OM and 
%Corg was used to determine %Corg from %OM for all samples.  
a Lima et al 2020; b Lima et al., 2022 
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2.4 Discussion 

The variance in the quantity of Corg stock between sites complements similar seagrass specific 

Corg stock assessments undertaken in the Solent during 2017 (Table 2.3), suggesting summer 

Corg stock assessments are consistent for seagrass localities across the Solent, UK. These 

seagrass carbon stocks were consistently higher than in comparison to unvegetated carbon 

stocks, however this study demonstrates adjacent unvegetated sediment from the same 

location can have Corg stocks with a similar magnitude to vegetated seagrass sediment as 

noted in other intertidal environments (Phang et al., 2015). Coastal intertidal habitats are 

connected spatially by the daily tidal regime, therefore, flux and transport of Corg between the 

habitats leads to similar quantities of Corg stocks in both, and high allochthonous organic 

carbon contributions. High loadings of allochthonous Corg may also mask the net gain in 

autochthonous seagrass-derived carbon expected in the vegetated habitat. The current 

approach to total Corg stock uses an aggregated representation of the Corg in the top 30cm of 

sediment, which can lead to misinterpretation of unvegetated sediment locations that have 

undergone known or unknown habitat change. In some locations, the historic autochthonous 

organic carbon input deeper within the core may not be representative of the existing habitat 

due to habitat change (Post and Kwon, 2000). Due to the severity of saltmarsh and seagrass 

loss, an extant unvegetated habitat, could have been previously part of the seagrass meadow 

or, as in the case of our harbour sites, historic saltmarsh. In fact, it is well known that the 

saltmarsh habitat within these harbour environments has shown a decline of 60.6% from 1946 

to 2018 (Lockwood and Drakeford, 2021). The use of carbon stock as a metric is a common 

approach within carbon research, because it can be multiplied by habitat extent, to easily scale 

up estimates of the quantity of carbon stored within a habitat (Yu, 2012; Macreadie et al., 

2021). However, this study has demonstrated that calculating carbon stock in this way can 

underestimate Corg net gain, highlighting why seagrass sediment depth profiles need to be 

considered. Therefore, we recommend that unvegetated sediment samples used to calculate 

net gain should be taken from sites with high confidence that vegetated habitat loss has not 

occurred in the last 50 years. In the absence of historic maps or data, the use of sediment 

chronology and isotope analysis would support inferences about the changes in habitat and 

allow carbon stocks to be compared from equivalent timeframes.  

The revegetation of seagrass has been posed as an effective strategy to restore carbon 

sequestration (Marba et al., 2015). In this scenario, the focus is to manage an area for carbon-

orientated benefits, focusing on the additionality or net gain of GHG offset potential provided 

by seagrass versus baseline scenarios. Additionality, in this context, compares the vegetated 

seagrass Corg depth profiles to the reference baseline, as is recommended by the Verified 

Carbon standard methodology (Emmer et al., 2015).  Here the baseline for a site 
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pre-restoration is the unvegetated sedimentôs total average organic carbon density across the 

depth and triplicate cores. Subsequently, the downcore enhancement of Corg in existing 

seagrass sites, is used to assess the downcore enhancement of Corg for restored seagrass, 

referencing seagrass sites alike (Potouroglou et al., 2021; Oreska et al., 2020). This reference 

baseline assumes that the unvegetated Corg is not influenced by depth. This study has 

demonstrated that this reference baseline can well represent the Corg density in the 

unvegetated sediment, as for Ryde that has a mixed sediment profile. Ryde is coastal with a 

shallow topography; therefore, wave action is pronounced alongside tidal current, which 

typically enhances seafloor erosion (Eisma 1993) and likely leads to a mixed sediment profile 

due to the continual shifting of surface sediments. In contrast, the Outer Kench unvegetated 

sediment has a consistently increasing Corg depth profile, which, if unaccounted for in the 

reference baseline, underestimates the net gain of Corg seen within the top 5cm of the Outer 

Kench vegetated sediment versus the unvegetated one. If the revegetation of seagrass poses 

a suitable mechanism to increase sedimentary carbon storage, it suggests the loss of 

seagrass would equally result in a reduction to sedimentary carbon storage. The historic loss 

of seagrass has been demonstrated to cause erosion and a reduction in the carbon content 

of sediment from areas previously considered seagrass (Moksnes et al., 2021). Therefore, 

any net gain of sedimentary Corg which is demonstrated to result from seagrass presence, such 

as that at the Outer Kench, remains at risk to erosion if the existing seagrass were lost.  

The Langstone harbour is a tidal inlet that is strongly ebb dominant; namely, the duration of 

the falling tide is shorter than that of the rising tide, which leads to a stronger peak ebb current. 

In addition, there is limited riverine freshwater discharge, low net movement of water from the 

adjacent Chichester harbour into Langstone harbour (3.5 x 106 m3 on a spring tide; 

0.97 x 106 m3 on a neap) and low net movement of water from Langstone into the adjacent 

Portsmouth harbour (0.73 x 106 m3 on a spring tide; 0.2 x 106 m3 on a neap). Collectively, this 

means that the dominant water volume flow comes through the main harbour entrance (Gao 

and Collins, 1994). The strong peak ebb current through the harbour entrance causes a 

relatively stronger tidal force to act on the Outer Kench than Farlington Marches, due to its 

proximity to the harbour entrance. This results in localised differences in response to the 

presence and absence of a vegetative canopy. In the Outer Kench, when there is no seagrass 

canopy, the strong current resuspends and displaces the finer sediment particles in the top 

layers of sediment, increasing median particle size for unvegetated sediment. This difference 

in sediment size is strongly related to the decrease in Corg seen within the unvegetated 

sediment. 

In contrast, at Farlington Marshes the unvegetated and vegetated sediment have little 

distinction in median particle size. Sheltered sites with muddy sediments and dense vegetation 
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have previously been shown to have no effect on sediment composition versus the expected 

ómuddificationô (van Katwijk et al., 2010). In sheltered sites with weaker tidal force, sediment 

resuspension would be reduced, making the unvegetated sediment relatively stable. Seagrass 

canopy presence does potentially have a negligible influence on sediment deposition at 

Farlington Marshes, considering the vegetated and unvegetated sediment particle size 

distribution of 90% of the particles is most diverse in the top 1-2 cm, but this is at such a small 

extent that canopy presence has no overall influence on sediment size. This suggests that in 

a location subject to relatively stronger currents, the presence of the seagrass canopy reduces 

sediment resuspension and the loss of organic carbon associated with fine particles. Changes 

in the shallowest sediment layers from wave action will particularly influence intertidal 

environments (Eisma 1993). Therefore, this relationship between canopy presence in 

environments with higher tidal strength and Corg should be considered when applying 

reference unvegetated baselines to represent net Corg gain best. However, when considering 

depth as a factor in Corg enhancement, care must be taken not to misinterpret changes with 

depth, as changes in the core related to depth can be reflective of time and stock assessments 

are often completed without sediment chronology, which accounts for variation in 

accumulation rates between cores. In this instance, there is clear evidence that links substrate 

characteristics (e.g., sediment size) and environmental conditions (e.g., wave action) to 

changes in the Corg depth profile of the unvegetated sediment, which if unaccounted for, 

underestimate the net Corg gain by seagrass presence. 

The Outer Kench site has a significantly higher proportion of Z. marina, the larger of the two 

UK seagrass species. Z. marina can display varied phenology in the intertidal, whereby 

shallow meadows increase shoot density in combination with investment in below ground 

biomass over above ground, whilst deeper meadows maximise photosynthetic capacity by 

reducing shoot density, and increasing shoot length and above ground biomass per individual 

(Boyé et al., 2022).  Whilst not significant, the Outer Kench does have an observationally 

higher canopy height relative to a lower shoot density in comparison to the other muddy site, 

Farlington Marshes. Given the higher prevalence of Z. marina at the Outer Kench, this may 

suggest differences in inundation and shore height between sites (OK: 2.4 +CD; FM:1.9 +CD) 

influences the seagrass species composition, and potentially the phenology of the Z. marina 

at both sites. In the UK, light availability and wave action limit seagrass extent to between 4m 

above chart datum in the intertidal and to as low as 10m water depth but only in clear waters 

(Preston et al., 2021); therefore, the difference in water depth (0.5m) between the two muddy 

sites represents a reasonable change in inundation and light availability, which in turn would 

alter the species composition and plant phenotypic response.  Whilst there is no overall 

difference in the canopy height and LAI between the two muddy sites, the difference in water 
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depth seems to affect the increased changes in Z. marina canopy internal structure, in 

particular owing to the broader Z. marina seagrass blades and higher number of blades per 

individual seagrass shoot. Seagrass canopy complexity has been linked to increased 

sedimentary carbon content in seagrass meadows mixed with seven seagrass species 

(Samper-Villarreal et al., 2016). Therefore, the subtle differences in canopy structure due to 

differences in species composition from mixed meadows containing two seagrass species 

may support heightened net Corg gain within the vegetated sediment layers of sites such as 

the Outer Kench.  

There is evidence of net Corg gain in Rydeôs vegetated sediment, but the quantity of Corg stored 

is far smaller than that of the muddy harbour sites. Rydeôs sediment is distinct, being classified 

as fine sand in comparison to the other two sites. This originates from substantial differences 

in dry bulk density and sediment particle size. The larger particle size of Rydeôs sandy 

sediment increases the permeability of the sediment and would, therefore, increase interstitial 

water movement into the sediment, compared to muddy sediments. In addition, Rydeôs coastal 

nature means it is regularly exposed to breaking waves, which force water upon the sand, 

increasing water percolation through the interstices (Precht and Huettel, 2004). This advective 

flow delivers particulate organic matter into the sediment, although the particle penetration 

depth is partially dependent on the size of the particles (Huettel and Rusch, 2000). Perhaps 

more importantly, water circulation through the sediment draws oxygen into the sediment and 

enhances the rate of mineralisation (Shum and Sundby, 1996). Thus, explaining Rydeôs 

overall capacity to store reduced quantities of Corg due to the increased rate of remineralisation 

in the more permeable fine sand sediment compared to the silt sediments in the harbour. 

Whilst the oxygen penetration depth becomes thinner in the fine-grained sediment when 

compared with sandy sediment, its important to note that the microbenthic (benthic 

microalgae, bacteria, and meiofauna) community composition also changes when altered from 

sandy to a more fine-grained sediment (Wulff et al., 1997). Suggesting there are varied 

microbial alternate states related to sediment particle size and sediment type, which will 

influence the carbon storage capacity of different sediments. However, enhanced organic 

matter turnover can support the formation of subsurface microbial biofilms, decreasing 

sediment permeability (Huettel and Rusch, 2000). This microbial biofilm formation, in 

combination with the increased supply of seagrass-derived Corg, may explain the increased 

Corg seen within the top 2cm layers of Rydeôs vegetated sediment. Overall, this shows that 

sediment type and the associated characteristics (e.g., sediment particle size) are important 

for describing the distinct differences between sites in the Solent. Especially when comparing 

coastal and estuarine environments, in this instance, a coastal beach versus a tidal inlet. 

However, the specific variables that drive within site variation between vegetated and 
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unvegetated sediment differ between the sites, potentially including hydrodynamic forces 

(e.g., tidal wave action and inundation time) and vegetation composition (e.g., species 

composition and phenology). 

2.5 Conclusion  

Overall, this study highlights that temperate intertidal seagrass has the potential for net carbon 

gain but will be highly site specific. In the UK, there are a wide variety of intertidal seagrass 

environments, and as such, the net gain carbon storage capacity will differ across these. It 

also highlights that the drivers of net Corg gain will be site specific too, potentially including 

substrate characteristics (e.g., sediment size), hydrodynamic force (e.g. tidal wave action and 

inundation time) and vegetation composition (e.g. species composition and phenology). 

Therefore, if interest in net Corg gain is driven by the concept of revegetating habitats, for 

carbon-orientated management, pre-restoration assessments need to be undertaken within 

localities in order to select sites that are most likely to provide net Corg gain from revegetation 

because net Corg gain may not be likely in each context. Pre-restoration assessments which 

utilise unvegetated habitats as the reference baseline against existing seagrass habitat, need 

to consider if unvegetated sediment locations have undergone known or unknown habitat 

change. This suggests reference unvegetated sediments should be taken from sites with high 

confidence that vegetated habitat loss has not occurred in the last 50 years. However, given 

coastal habitats have been subject to rapid resource depletion by humans, in some cases 

dating back centuries, this often may not be possible.  Therefore, care should be taken when 

interpreting net gain from an averaged unvegetated reference. Introducing an assessment 

which considers the Corg depth profile of unvegetated sediment and its drivers can support 

inferences made regarding net gain, as seen in this study. To further support inferences about 

historic habitat change and allow carbon stocks to be compared from equivalent timeframes, 

the use of sediment chronology and isotope analysis to determine carbon provenance would 

enhance future studies.  
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3 Seasonal winter carbon fluxes in temperate intertidal seagrass systems 

3.1 Introduction 

The declination of the earth drives seasonality, as this governs day length and the subsequent 

quantity of solar radiation received (Gili & Petraitis, 2009). The input of solar radiation, in turn, 

drives other environmental conditions, including water and air temperatures and wave surges. 

Therefore, a noticeable winter season is considered to occur everywhere outside of the tropics 

(Kreyling, 2010). The winter season becomes more noticeable when moving latitudinally away 

from the equator due to the characteristic processes associated with winter: shorter 

photoperiods, cooler air and water temperatures, and increased storm events. As a result, in 

cooler temperate regions, a number of coastal benthic and typically sedentary organisms are 

known to change their physiology and undergo winter dormancy, e.g., the Bryozoa Bugula 

flabellata, the Hydrozoa Tubularian larynx and the Ascidiacea Perophora formosona (Coma 

et al., 2000). Intertidal zones in cold temperate regions, which do not have a stable foot ice, 

are subject to the lowest temperatures during winter low tides when exposed to air (Scrosati, 

2022). The highest values of intertidal temperature occur during warm, sunny, midday low 

tides, although this may not always occur during the summer months due to the timing of tides 

(Mislan et al., 2009). This suggests that in cooler temperate environments, the physiology of 

intertidal habitat organisms will often need to respond to extremes in daily winter temperature 

during periods of emergence. This distinct winter seasonality should be considered when 

assessing ecosystem functioning in temperate intertidal habitats. In the intertidal zone, this 

environmental winter extreme is of particular note for sessile taxa, which includes intertidal 

macrophytes such as seagrass. 

Light and temperature are two key physical environmental factors which influence 

photosynthetic activity. In winter, shorter photoperiods, reduced solar irradiance, and lower 

temperatures reduce photosynthetic activity. Thus, the capacity to fix carbon relative to 

metabolic expenditure (respiration) determines the extent of plant growth (Ralph et al., 2007). 

Reductions in light lead to a decrease in seagrass canopy (e.g., shoot density, aboveground 

biomass) and an increase in leaf senescence (York et al., 2013).  As such, temperate 

seagrasses (e.g., Zostera marina) follow a seasonal growth cycle typically reaching maximum 

density, height, and biomass in mid-summer, followed by autumnal senescence (Clausen et 

al., 2014).  The spatial context in which the macrophytes grow influences light availability and 

photosynthetic capacity (Sand-Jensen et al., 2007), so whilst winter low light may lead to a 

reduced seagrass aboveground canopy and reduced community productivity, it would 

simultaneously enable more light to access the remaining vegetation so that carbon fixation 

can occur in any remaining winter canopy. However, cooler temperate seagrass populations 
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typically show greater investment in belowground biomass (Clausen et al., 2014), as perennial 

overwintering relies on belowground resource allocation to support the following yearôs growth 

(Vichkovitten et al., 2007; Govers et al., 2015). Seagrass can withstand the complete loss of 

its aboveground canopy over winter without impacting next yearôs growth by utilising these 

belowground reserves (Robertson & Mann, 1984). However, the same temperate seagrass 

species can undertake different overwintering strategies. Namely, they are facultative annual 

species with both annual and perennial populations, typically displaying perennial tendencies 

and annual life histories under certain conditions (van Katwijk & Tussenbroek, 2023). Some 

temperate seagrass populations alternatively invest in reproductive tissues to overwinter as 

seeds (Robertson & Mann, 1984). This annual life history usually responds to stressful 

conditions such as desiccation, anoxia-related factors, shading or heat stress (van Katwijk & 

Tussenbroek, 2023). Ultimately, this demonstrates that coastal macrophytes' habitats may 

undergo large winter seasonal vegetation changes, which result in a reduction or loss of the 

aboveground seagrass canopy. 

Seagrass canopy presence and structural complexity (e.g., height) increase mobile fauna 

species diversity and abundance and are utilised in particular by juveniles (Hori et al., 2009; 

Polte et al., 2005; Heck Jr. et al., 2003). Similarly, the seagrass canopy's presence and 

structural complexity reduce wave-induced sediment erosion, aiding coastal protection, even 

for low biomass seagrass vegetation (Christianen et al., 2013). Therefore, the presence of an 

aboveground seagrass canopy supports reduced water flow within the canopy, aiding organic 

carbon accumulation (e.g., sedimentation and reduced sediment resuspension) (Gacia et al., 

1999; Peterson et al., 2004; Neto et al., 2022), thus highlighting that the presence and 

structural complexity of the aboveground seagrass canopy can provide multiple ecosystems 

services. Seasonal changes in vegetation, specifically the seasonal loss of the aboveground 

vegetative canopy, have been identified as reasons to nullify single-season assessments of 

ecosystem service provision (James & Whitfield, 2023). Nevertheless, seasonal studies on 

organic carbon storage in seagrass sediments are rare (Samper-Villarreal et al., 2018b; Dahl 

et al., 2020b). However, an assessment of temperate seagrass sediment in Sweden 

suggested that carbon content within a 30 cm depth sediment profile can be variable on a 

seasonal scale (Dahl et al., 2020b). Where seagrass habitats undergo seasonal changes in 

phenology (e.g., aboveground canopy structure), which are known to influence ecosystem 

service provision (e.g., carbon accumulation mechanisms), seasonal assessment strategies 

should be undertaken to determine ecosystem services such as carbon storage capacity.  

Seagrasses are typically considered to support enhanced sediment deposition, but seagrass 

presence can increase turbulence and, consequently, sediment resuspension (Hansen & 

Reidenbach, 2013; Reidenbach & Thomas, 2018). Seagrass meadows with reduced canopy 
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height and lower shoot density are more likely to enhance erosion, while longer meadows with 

higher shoot density are more likely to be net depositional. This is linked to shear layer 

formation, characterised by water vortexes which cause plant motion (Adams et al., 2016). In 

a taller seagrass canopy, the shear layer forms at the canopy-water interface, decreasing 

stress at the sediment surface, whereas for a seagrass canopy of intermediate height, the 

shear layer may extend to the sediment surface, increasing sediment resuspension. If a 

seagrass meadowôs phenology changes seasonally, sediment deposition may not be uniform 

across the year and even transition seasonally from depositional to erosional (Hansen & 

Reidenbach, 2013). In addition, meadow size and/or shoot density influence sediment 

stability, as a meadow usually consists of a zone near the meadow edge that promotes 

sediment erosion, and a denser depositional zone further into the interior (Adams et al., 2016; 

Ghisalberti & Nepf, 2002; Granata et al., 2001). The influence on deposition of canopy 

presence, structure (e.g., height) and seagrass meadow size may be less critical in the 

intertidal given that shear layer formation only occurs during submergence and is not 

continually present (Adams et al., 2016). 

Further to this, intertidal environments are prone to increased wave action. This level of 

exposure may have a greater influence on whether an area is depositional and, therefore, may 

support sedimentary carbon storage more than the presence of a seagrass canopy. Although 

the presence and structure of the seagrass canopy are not the only seagrass characteristics 

responsible for sediment retention, as seagrass roots and rhizomes also reduce sediment 

resuspension by stabilising the sediment surface (Potouroglou et al., 2017). As such, it is 

essential to undertake sediment assessments (e.g., carbon storage) in unvegetated areas 

simultaneous to vegetated seagrass areas to determine if the presence of seagrass, whether 

aboveground and/or belowground biomass, influences sedimentary carbon storage. In the 

case of seasonal carbon storage assessments, this context is extended to determine if 

seasonal changes in carbon storage are consistent across the seascape (e.g., vegetated or 

unvegetated). 

In the UK, Z. marina and Nanozostera noltii can occur together in the intertidal zone, forming 

mixed species seagrass beds. The smaller N. noltii is considered a definitive perennial 

(Harrison, 1993), whilst Z. marina is a known facultative annual species, generally portraying 

perennial life histories but known to form annual populations under stressful conditions (Kim 

et al., 2014a), so different overwintering strategies may occur even within the same seagrass 

population. Further to this, UK intertidal seagrass is subject to a large seasonal grazing 

pressure in late autumn and early winter from waterfowl; the leaves and rhizome are 

consumed by Dark-bellied brent geese (Branta bernicula bernicula) and Wigeon (Ana 

Penelope), whilst the seed is consumed by Teal (Anas crecca) (Tubbs & Tubbs, 1983). The 
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presence and structure of an aboveground canopy in UK intertidal seagrass are hence often 

seasonally varied (Tubbs & Tubbs, 1983; Wyer et al., 1977), evidence that these seagrass 

meadows will act as a suitable archetype to demonstrate the influence of winter seasonality 

on carbon fluxes. 

In the UK, organic carbon sedimentary stocks have been quantified for both monospecific and 

multispecific beds of Z. marina and N. noltii in intertidal and subtidal areas (Table 3.1), which 

accumulatively demonstrate the considerable variability in sedimentary carbon stock for 

seagrass in this region. Whilst seagrass species composition and tidal zone (intertidal or 

subtidal) characteristics of the seagrass habitat have been considered, these sediment carbon 

assessments were all collected during a single season and typically during summer. Often 

reports on seagrasses are based on results of surveys conducted only in summer when 

seagrass meadows are logistically most accessible (Wlodarska-Kowalczuk et al., 2014), 

leading to a paucity of data considering the winter state of these habitats. This study assesses 

winter seasonality in intertidal temperate seagrasses associated with (1) aboveground 

seagrass canopy structure, cover, species composition, shoot density, canopy length and 

plant surface area; and (2) sedimentary organic carbon stored within the top 30cm of 

sediment. Further to this (3) an assessment of seasonal sedimentary organic carbon storage 

in unvegetated tidal flats will provide the reference seasonal change in organic carbon stored 

within the top 30cm of sediment when seagrass vegetation (above and belowground) is absent 

throughout the year.  
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Table 3.1. Mean Cstock stock (depth profile 30cm or 50cm) of seagrass meadows recorded in 

the literature within the UK. The reference study is either 1 Green et al., 2018, 2 Lima et al., 

2020 or 3Potouroglou et al., 2021. Site characteristics include; tidal regime (e.g, subtidal (SB) 

or Intertidal (IT)) and seagrass species present (Zostera marina = Zm; Nanozostera noltii = 

Nno). Sites within the Solent are highlighted in grey. 

Study site & 
country 

 
CStock 30cm 
(mg C ha-1) 

CStock 50cm 
(mg C ha-1) 

Collected 
(Season/year) 

Tidal 
regime 

Species 
present 

Tayport (1) 3 SCT - 134.73 ± 23.12 Summer 2014 IT Nno 

Drakes Island1 ENG 114.02 ± 21.45 - Summer 2016 SB Zm 

Torry Bay3 SCT - 107.22 ±16.48 Summer 2014 IT Nno 

Drums Sands3 SCT - 106.41 ±10.53 Summer 2014 IT Nno 

Blackness3 SCT - 104.26 ± 17.88 Summer 2014 IT Zm, Nno 

Auchencairn3 SCT - 82.55 ± 32.70 Summer 2014 IT Zm, Nno 

Alness3 SCT - 69.50 * Summer 2014 IT Nno 

Montrose3 SCT - 62.21 ± 21.97 Summer 2014 IT Zm, Nno 

Nigg Bay3 SCT - 58.01 ± 3.97 Summer 2014 IT Zm, Nno 

Kirkcudbright3 SCT - 57.11 * Summer 2014 IT Nno 

Beauly3 SCT - 51.62 ± 13.25 Summer 2014 IT Zm, Nno 

Hayling 
Island2 ENG 51.13 ± 7.84 - Summer 2017 IT 

Zm, 
Nno 

Dalmore3 SCT - 50.89 ± 17.74 Summer 2014 IT Zm, Nno 

Cardross3 SCT - 47.67 ± 14.79 Summer 2014 IT Nno 

Hunterston 
Sands3 

SCT - 45.77 * Summer 2014 IT Nno 

Creek Rythe 2 ENG 45.31 ± 3.53 - Summer 2017 IT Zm 

Porchester 2 ENG 45.23 ± 12.10 - Summer 2017 IT Zm 

Rockcliffe3 SCT - 42.56 ± 4.22 Summer 2014 IT Zm, Nno 

Cawsands1 ENG 42.07 ± 3.08 - Summer 2016 SB Zm 

Elbery Cove1 ENG 41.74 ± 2.28 - Summer 2016 SB Zm 

Firestone Bay1 ENG 40.99 ± 3.38 - Summer 2016 SB Zm 

Farlington 
Marshes2 ENG 40.23 ± 4.16 - Summer 2017 IT Zm 

Jennycliff Bay1 ENG 39.07 ± 5.35 - Summer 2016 SB Zm 

Fishcombe 
Cove1 ENG 38.94 ± 2.44 - Summer 2016 SB Zm 

Torre Abbey1 ENG 37.76 ± 1.50 - Summer 2016 SB Zm 

Fleet 1 ENG 37.76 ± 3.84 - Summer 2016 SB Zm 

Studland Bay1 ENG 37.76 ± 5.39 - Summer 2016 SB Zm 

Yealm CC1 ENG 35.39 ± 0.70 - Summer 2016 SB Zm 

Looe 1 ENG 33.30 ± 1.47 - Summer 2016 SB Zm 

Southannan 
Sands3 

SCT - 31.10 * Summer 2014 IT Nno 

Loch Ryan3 SCT - 30.75 * Summer 2014 IT Nno 

Hopes Cove1 ENG 30.08 ± 8.89 - Summer 2016 SB Zm 

Tomb Rock1 ENG 29.40 ± 0.65 - Summer 2016 SB Zm 

Cromarty3 SCT - 28.78 ± 5.16 Summer 2014 IT Zm, Nno 

Tain3 SCT - 25.90 ± 5.04 Summer 2014 IT Zm, Nno 

Tayport (2) 3 SCT - 23.11 ± 8.17 Summer 2014 IT Zm 

Cuthill3 SCT - 20.11 ± 9.70 Summer 2014 IT Zm, Nno 

Nairn3 SCT - 15.20 ± 3.08 Summer 2014 IT Zm, Nno 

Findhorn3 SCT - 14.55 ± 6.25 Summer 2014 IT Zno 

Cowes2 ENG 14.22 ± 7.59 - Summer 2017 IT Zm 

Ryde2 ENG 6.65 ± 1.73 - Summer 2017 IT Zm 

*Only one core processed at that location 
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3.2 Methods 

This study was conducted at three intertidal seagrass meadows in Solent, South of England. 

The locations (Farlington Marshes, Outer Kench and Ryde) were chosen for this study 

focusing on winter seasonality as aboveground seagrass surveys and sediment core 

collection were already planned at these sites for summer 2022 as part of research conducted 

by Ward (in prep; Chapter 2). Farlington Marshes and the Outer Kench are two intertidal sites 

with silt sediment (sediment particle size; FM 17.65 ±6.8 µm; OK 12.01 ±3.9 µm) located within 

Langstone Harbour. Ryde has fine sandy sediment (sediment particle size 219.17 ±6.6 µm) 

located on the Northeast coast of the Isle of Wight (Ward in prep; Chapter 2). 

3.2.1 Seasonal aboveground seagrass surveys 

Seasonal aboveground seagrass surveys occurred in winter (26th November 2021 ï 24th 

March 2022) and summer (21st June ï 19th July 2022) (Ward in prep; Chapter 2, pg 24-25), 

along five 150m transects perpendicular to the shoreline, 50m apart (Figure 3.1). The quadrat 

data collected in the seasonal surveys were considered temporal replicates of each other as 

they were collected from the same spatial location but within different seasons. The GPS 

coordinates of each quadrat within the survey were recorded with a Garmin etrex20 (Garmin 

Ltd.) to enable return to the same location. The seagrass canopy variables collected were as 

described in Ward (in prep; Chapter 2, pg 24-25). Within any quadrats containing seagrass, 

associated green macroalgal mat within the quadrats was also collected and returned to the 

Institute of Marine sciences, where it was dried and weighed. The winter sampling season was 

longer due to challenges associated with completing sampling in safe weather conditions, at 

appropriate low tides during daylight for walking surveys of intertidal mudflats. Therefore, the 

sitesô winter data were collected consecutively: FM 26th October ï 16th November; Ryde 26th 

January ï 1st March; Outer Kench 24th February ï 24th March.   

3.2.2 Seasonal sediment sampling 

Seasonal sediment sampling occurred in winter (December 2020 - March 2022) and summer 

(July - August 2023) (Ward in prep; Chapter 2, pg 25). The seagrass sediment cores were 

collected, one each from 70 m along transects A, C and E in areas adjacent to the quadrats 

(Figure 3.1), whilst three further cores were collected from each site in continuously non-

vegetated areas (Ward in prep; Figure 2.2). GPS coordinates of the seagrass and unvegetated 

cores ensured that the same location was visited for sediment sampling each season. The 

sediment carbon analysis was as described in Chapter 2 (pg 26 ï 27). 



54 
 

 

Figure 3.1. Seasonal seagrass surveys followed five 150m transects at A Ryde, B, Farlington 

Marshes and C Outer Kench. The transects began before the winter fringing edge of the 

seagrass meadow, parallel to the shoreline and moved perpendicular to the shoreline in a 

seaward direction. White arrow denotes increasing distance into the meadow moving 

perpendicular to the shoreline (red line). 

3.2.3 Environmental conditions 

Temperature and light intensity were recorded at 1-hour intervals with pairs of HOBO loggers 

(UA-002-08 Pendant Temp/Light) at each site; one logger was placed on the sea floor and the 

other at the expected seagrass canopy height (20 cm above the seafloor). Loggers deployed 

at Ryde Pier were lost within the first two weeks due to high wave action at the site. Therefore, 

temperature and light data exist only for the two Langstone Harbour sites, Farlington Marshes 

and the Outer Kench. The HOBO loggers were deployed two weeks before the end of the 

winter seasonal sampling period (FM: 11th Jan 2022; OK: 14th Feb 2022) and left in situ until 

two weeks into the summer sampling programme (FM: 3rd Aug 2022; OK: 20th Aug 2022). 
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Unfortunately, the benthic logger at Farlington Marshes lost power on June 4th, just before the 

summer seasonal sampling was undertaken. 

3.2.4 Data analysis  

Seagrass canopy change 

Our analysis does not focus on comparing sites during the winter because each siteôs winter 

data were collected consecutively from November 2022 to March 2023. As such, this study 

does not allow for the independent control of temporal variation and that associated with 

location, making it challenging to differentiate between them. Therefore, the seagrass canopy 

analyses focus on determining whether significant seasonal canopy change occurs at each 

site independently.  

Analyses on seasonal canopy change initially considered total seagrass cover and species 

composition, from which seagrass species-specific cover (Z. marina cover and N. noltii cover) 

could be calculated, as these variables have uniform replication in each season at each site. 

Where the data met the assumptions of normality, repeated measures t-tests were undertaken 

on each site (Ryde, Farlington Marshes and the Outer Kench), with the season considered 

the main factor and the quadrat number utilised as the data point ID. 

Further plant biometrics, ShootD, BNumber, Blength, Bwidth and LAI, were determined when 

seagrass was present within the quadrat. However, seagrass was not always present. Where 

quadrats with missing data or incomplete plant biometric details in either season were found, 

quadrats' summer and winter data were removed from the seagrass canopy dataset.  The 

ófactoextraô package in R was utilised to perform a principal component analysis and 

holistically extract and summarise the seagrass canopy data. The aboveground canopy 

variables utilised in the PCA were total seagrass cover, Z. marina cover, N. noltii cover, 

ShootD, BNumber, Blength, Bwidth, LAI alongside measurements of associated macroalgal weight. 

PCA was completed at each site individually to determine the dominant variables driving 

seasonal canopy change within each site (winter vs summer).  

Seasonal variation in sedimentary Corg stock and core profile 

The sediment cores were considered temporal replicates of each other as they were collected 

from the same spatial location but in different seasons, and labelled by their known GPS 

locations. Therefore, statistical analysis of the whole core Corg stock nested by the core ID 

allowed for assessing if the Corg stock changed over time, where the data met the 

assumptions of normality and sphericity. Two-way repeated measures ANOVA was performed 
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by considering season (winter/summer) and habitat classification (Vegetated/Unvegetated) as 

the main factors whilst nested by the core ID. Post hoc one-way ANOVAs were applied to 

determine the main effect of seasonal change on vegetated or unvegetated sediment 

separately whilst nested by Core ID. 

Simple linear models which included depth as a factor were applied independently to both the 

vegetated and unvegetated summer and winter cores at each site to categorise their 

independent sediment profile patterns. The sediment profile patterns were categorised as 

ódecreasingô if the slope was negative, óincreasingô if the slope was positive and ómixedô where 

depth was not identified as a significant factor. To determine if the sediment depth profile 

varied significantly between seasons, linear models were considered separately on vegetated 

and unvegetated cores with the interaction of season and depth or including season and depth 

as fixed terms. Since assuming that each depth layer within the core is static in time was 

inappropriate, an approach that included the sediment depth as a nested factor was 

inappropriate. This is why the statistical analysis focuses on whether the overall core profile 

changes between seasons.   

Environmental conditions 

The mean HOBO logger water temperature and light intensity were calculated for each day 

from hourly recordings (00:30 to 23:30).   

 

3.3 Results 

3.3.1 Seasonal canopy change 

Each seagrass site demonstrates an overall increase in the seagrass cover moving from 

winter to summer, indicating strong seasonal canopy development fluxes across all the sites 

(Figure 3.2). The smallest change in seagrass cover occurred at Farlington Marshes (ȹCover = 

12.0%), which increased from xↄ = 18.9 SD ± 27.4% in the winter to xↄ = 30.9 SD ± 25.9% in the 

summer. A paired t-test confirmed that the increase in seagrass cover was significant over 

time t(79) = 3.2512, P < 0.01. The increase in seagrass cover was higher at Ryde (ȹCover = 

24.6%), moving from winter (xↄ = 0.9 SD ± 0.9%) to summer (xↄ = 25.5 SD ± 22.5%). Therefore, 

a significant seasonal increase in seagrass cover also occurred at Ryde t(79) = 9.971, P < 0.01.  

similar changes in overall seagrass cover were seen at Ryde and the Outer Kench (ȹCover; RY 

= 24.7 %; OK = 23.9%). The increase in seagrass cover at the Outer Kench (ȹCover = 23.9%; 

Winter = xↄ = 1.0 SD ± 2.0%; Summer xↄ = 24.8 SD ± 29.8%) was at a similar level to Ryde; this 
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identifies a significant seasonal increase in seagrass cover at the Outer kench t(79) = 7.339, P 

< 0.01.  Both Ryde and the Outer Kench undergo the largest increase in seagrass cover, 

primarily as both sites demonstrate the lowest cover during the winter (Figure 3.2).  

The upper intertidal area of Ryde generally contains primarily monospecific areas of N. noltii 

(Figure 3.2). Within the upper intertidal, Z. marina was not present in the winter and had only 

a small presence in the summer (xↄ = 0.7 SD ± 2.5%), mixed areas of N. noltii and Z. marina 

can be found in Ryde lower down the intertidal zone away from the area sampled in this study. 

Therefore, the seasonal increase in seagrass cover witnessed in the upper intertidal seagrass 

at Ryde (2.1 m + CD drying height) is formed mainly by the significant seasonal increase in 

N. noltii (t(79) = 10.004, P < 0.01). Farlington Marshes and the Outer Kench seagrass meadows 

are both muddy intertidal seagrass sites containing mixed species meadows of N. noltii and 

Zostera marina (Figure 2). At Farlington Marshes, there is a significant increase in Z. marina 

cover from winter (xↄ = 0.7 SD ± 2.5%) to summer (xↄ = 6.5 SD ± 18.1%) (t(79) = 3.1516, P < 

0.01). Whilst there is an observational seasonal increase in N. noltii at Farlington Marshes 

(Winter = xↄ = 18.2 SD ± 27.6%; Summer xↄ = 24.4 SD ± 23.8%), this was not significant. In 

contrast, the Outer Kench witnesses both a significant seasonal increase in Z. marina cover 

(t(79) = 5.3969, P < 0.01) and Z. noltii cover (t(79) = 3.6256, P < 0.01).  

3.3.2 Drivers of seasonal canopy change 

At Ryde, there is distinct clustering between the winter and summer aboveground data points, 

such that the data in the winter is less variable. The change in aboveground canopy from 

winter to summer is driven by the increase in N. noltii abundance and a relative increase in 

seagrass shoot density. The seasonal change in seagrass canopy can also be associated with 

increased seagrass blade length and LAI (Figure 3.3A). However, the variable with the highest 

percentage of contribution is N. noltii cover, which is essentially reflective of total seagrass 

cover due to the low prevalence of Z. marina and also associated with an increase in shoot 

density given this is weighted by seagrass cover (Figure 3.3B). 

At Farlington Marshes, the winter and summer data points are less distinct, but there are 

seasonal differences (Figure 3.4A). A strong seasonal change is associated with an increase 

in Z. marina cover, corresponding to the quadrats in which Z. marina was the dominant 

seagrass (Figure 3.4B). A subset of the winter data points is highly concentrated in response 

to low seagrass cover. In contrast, the summer data points more holistically gravitate away 

from the more concentrated winter data points driven by increased seagrass cover. As 

Farlington Marshes has a higher presence of N. noltii versus Z. marina, the variables with the 

highest contribution percentage are N. noltii and total seagrass cover (Figure 3.4C). 
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Figure 3.2. (A) Seagrass cover (%) across Summer and Winter for the three seagrass 

meadows at Farlington Marshes (FM), Outer Kench (OK) and Ryde (RY). (B) The relative 

species contribution to seagrass cover (%) by season and site (n= 80). OK and RY Winter 

seagrass covers are shown on one-tenth the scale due to low general cover in winter. Summer 

data are taken from Ward (in prep; Chapter 2). 
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Figure 3.3. (A) Principle component analysis of seagrass canopy characteristics biplot, 

season (winter = blue; summer = yellow) whereby ellipses highlight the point concentration 

(level = 95%) (B) Variable percentage contribution to PCA matrix. For Ryde (RY) (92 

observations; 46 quadrats across two seasons). Summer data taken from Ward (in prep; 

Chapter 2). 

At the Outer Kench, the winter data points form a highly concentrated cluster; this identifies a 

seasonal change in the seagrass canopy, resulting from an increase in N. noltii and Z. marina 

(Figure 3.4 A & B). The seasonal change in Z. marina cover is reflected by an increase in 

blade length, blade width and LAI (Figure 3.4B), whilst the seasonal increase of N. noltii is 

more closely associated with an increase in shoot density. Given that there is a more even 

presence of both N. noltii and Z. marina, the total seagrass cover is reflective of both; as such, 

the total seagrass cover is the variable with the highest percentage of contribution (Figure 

3.4C). 

3.3.3 Seasonal sedimentary carbon content 

Ryde has the lowest winter Corg stocks in both vegetated seagrass sediment (xↄ = 4.91 SD ± 

0.16 Mg C ha-1) and unvegetated sediment (xↄ   = 4.14 SD ± 0.23 Mg C ha-1). Rydeôs winter 

Corg stocks are higher than those recorded in summer for both the seagrass and unvegetated 

sediment (Table 3.2; Figure 3.5A). This shows that the Corg stocks at Ryde decreased moving 

from winter into summer, with the decrease in Corg stock greater for unvegetated sediment (ȹxↄ 

= -1.78 SD ± 0.75 Mg C ha-1) than for vegetated sediment (ȹxↄ = -1.51 SD ± 0.34 Mg C ha-1). 

Shapiro Wilk's test confirmed that when grouped by season or habitat classification (vegetated 

and unvegetated), the data meet the assumptions of normality. Two-way repeated measures 

ANOVA confirmed no significant interaction between the factors of season and habitat 

classification. Therein, paired t-tests were applied to the vegetated and unvegetated data
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Figure 3.4. Principle component analysis of seagrass canopy characteristics biplot grouped by (A) season (winter = blue; summer = yellow) (B) 

dominant seagrass species present within the quadrat (Z. marina = green; N. noltii = grey) whereby ellipses highlight the point concentration 

(level = 95%). (C) Variable percentage contribution to PCA matrix. (Top FM = 116 observations; Bottom OK = 44 observations). 
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separately, which ascertains that a significant seasonal change occurs in vegetated Corg 

stocks (t = 58.6, df = 2, P = 0.017) but not in the unvegetated Corg stocks (t = 16.8, df = 2, P = 

0.055). 

At Farlington Marshes, an increase in Corg stock occurred in both the vegetated and 

unvegetated sediments from winter to summer (Figure 3.5A). Shapiro Wilk test confirmed that 

when grouped by season and habitat classification (vegetated and unvegetated), each met 

the assumptions of normality except the summer unvegetated sediment (W = 0.759, P < 0.02). 

However, inspection of qqplots shows that the data are normally distributed (Supp. 4. Fig. 1). 

Two-way repeated measures ANOVA confirmed that there was no significant interaction 

between the factors of season and habitat classification. Therein, paired t-tests were applied 

to the vegetated and unvegetated data separately, which ascertained that a significant 

seasonal change occurs in both vegetated Corg stocks (t = 25.8, df = 2, P = 0.037) and 

unvegetated Corg stocks (t = 76.1, df = 2, P = 0.013). With the seasonal change in Corg stock 

greater for unvegetated (ȹxↄ   = 10.33 SD ± 2.05 Mg C ha-1) than vegetated (ȹxↄ   = 9.58 SD ± 

3.27 Mg C ha-1) sediment (Table 3.2).  

Table 3.2 Seasonal (winter and summer) average Corg stock (Mg C ha-1) from seagrass and 

unvegetated 30cm sediment cores (n = 3). The ȹxↄ Corg stock between winter and summer. 

Site 
Habitat 

classification 

xↄ Corg stock (±SD) Seasonal   
ȹxↄ Corg stock 

(±SD) Winter Summer 

FM 

Vegetated 21.70 ± 3.73 31.29 ± 2.26 + 9.58 ± 3.27 

Unvegetated 16.69 ± 1.94 27.01 ± 1.92 + 10.33 ± 2.05 

OK 

Vegetated 21.49 ± 1.87 27.54 ± 1.35 + 6.05 ± 3.20 

Unvegetated 21.39 ± 5.14 26.47 ± 0.31 + 5.08 ± 4.96 

RY 

Vegetated 4.91 ± 0.16 3.4 ± 0.50 - 1.51 ± 0.34 

Unvegetated 4.14 ± 0.23 2.36 ± 0.54 - 1.78 ± 0.75 
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Figure 3.5. (A) Seasonal (winter and summer) Corg stock (Mg C ha-1) from seagrass (green) 

and unvegetated (brown) 30cm sediment cores (n = 3) (B) the net difference between the 

vegetated and unvegetated Corg stock (Mg C ha-1) across the Solent (RY = Ryde, FM = 

Farlington Marshes, OK = Outer Kench). Errors bars represent standard deviation.  
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At the Outer Kench, the vegetated seagrass (xↄ = 21.49 SD ± 1.87 Mg C ha-1) and unvegetated 

(xↄ   = 21.39 SD ± 5.14 Mg C ha-1) winter Corg stocks are the most similar across the sites, 

highlighted by the lowest winter value of Corg stock net gain (xↄ = 0.10 SD ± 1.87 Mg C ha-1) 

(Figure 5B). An observational increase in Corg stock from winter to summer occurs in both the 

vegetated and unvegetated sediment, although to different extents (Vegetated: ȹxↄ   = 6.05 SD 

± 3.20 Mg C ha-1; Unvegetated: ȹxↄ   = 5.08 SD ± 4.96 Mg C ha-1) (Table 3.2; Figure 3.5A). 

Shapiro Wilkôs test confirmed that when grouped by season and habitat classification 

(vegetated and Unvegetated), the data satisfied the assumptions of normality. Two-way 

repeated measures ANOVA confirmed that there was no significant interaction between the 

factors of season and habitat classification. Therein, paired t-tests were applied to the 

vegetated and unvegetated data, which ascertained that no significant seasonal change 

occurs in both vegetated Corg stocks (t = 10.8, df = 2, P = 0.082), and unvegetated Corg stocks 

(t = 3.14, df = 2, P = 0.218).  

A significant interaction exists at Ryde between the factors depth and season when comparing 

Rydeôs seagrass sediment profiles (LM: F3,56 = 4.808, P = 0.004755). Post hoc individual 

regressions on the vegetated winter and summer sediment carbon profiles found that depth 

was a significant factor in winter (LM: F1,28 = 11.14, P = 0.002395) but not in summer (LM: 

F1,28 = 0.0356, P = 0.8517). Therefore, the 30cm depth seagrass carbon profiles in Ryde 

changed from óincreasingô to ómixedô profiles from winter to summer (Supp. 4 Fig. 2). A similar 

pattern was identified in the unvegetated sediment at Ryde, in which a significant 

interactionoccurs between the factorôs depth and season (LM: F3,56 = 18.37, P = 2.012e-8). This 

was a result of Corg density increasing down the winter sediment profile (LM: F1,28 = 42.1, P = 

4.967e-7), in comparison to summer when depth was not an important factor (LM: F1,28 = 1.4, 

P = 0.2467).  

At Farlington Marshes, a significant interaction exists between the factors depth and season 

when comparing seagrass sediment profiles (LM: F3,56 = 32.4, P = 3.986e-10) (Figure 3.6). Post 

hoc individual regressions on the vegetated winter and summer sediment carbon profiles 

found depth was a significant factor in winter (LM: F1,28 = 8.661, P = 0.00647) but not in summer 

(LM: F1,28 = 0.6388, P = 0.4309).  The 30cm depth seagrass carbon profiles in Farlington 

Marshes changed from óincreasingô to ómixedô profiles from winter into summer, with the Corg 

density in the top 5cm of seagrass sediment being the most different when comparing winter 

to summer (Supp. 4. Fig. 3). A significant interaction exists between the factors depth and 

season when comparing Farlington Marshes unvegetated sediment profiles (LM: F3,56 = 32.88, 

P = 2.167e-12). Post hoc individual regressions on the vegetated winter and summer sediment 

carbon profiles found depth was not a significant factor in winter (LM: F1,28 = 0.01574, P =  
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Figure 3.6. The organic carbon density (mg cm-3) within seasonal winter (blue) and summer 

(yellow) sediment cores for both seagrass (left, green panel) and unvegetated sediment (right, 

brown panel) (n = 3). All error bars standard deviation. (RY = Ryde, FM = Farlington Marshes, 

OK = Outer Kench). 
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0.9011). However, it was significant in summer (LM: F1,28 = 5.218, P = 0.03014), with the 

sediment profiles changing from ómixedô to ódecreasingô. 

At Outer Kench, a significant interaction exists between the factors depth and season when 

comparing seagrass sediment profiles (LM: F1,28 = 17.32, P = 4.47e-08). Post hoc individual 

regressions on the vegetated winter and summer sediment carbon profiles found depth was a 

significant factor in winter (LM: F1,28 = 6.506, P = 0.01651) but not in summer (LM: F1,28 = 

2.296, P = 0.1409). The 30cm depth seagrass carbon profiles in Outer Kench changed from 

óincreasingô to ómixedô profiles from winter to summer, with the Corg density in the top 5cm of 

seagrass sediment being the most different when comparing winter to summer (Supp. 4 Fig. 

4). There was no significant interaction between depth and season, nor significant effect when 

both were retained as fixed terms when comparing unvegetated sediment profiles at the Outer 

Kench. However, individual regressions on the vegetated winter and summer sediment carbon 

profiles found depth was a significant factor in summer (LM: F1,28 = 5.645, P = 0.02459) but 

not in winter (LM: F1,28 = 0.06332, P = 0.8032). Although the sediment profile type changes 

from mixed to increasing, the change in sediment profile type is not seasonally significant.  

This agrees with the analysis at the whole-core level, which indicated no seasonal change in 

the Corg stock of the unvegetated sediment at the Outer Kench. 

 

3.3.4 Seasonal changes in environmental conditions 

At Farlington Marshes, a paired t-test confirmed that the canopy height recordings show a 

significant seasonal increase in temperature (t = 31.135, df = 15, P < 0.001), with an average 

increase of 11.7 °C (Figure 3.7B). Whilst we cannot determine if the same seasonal increase 

in temperature occurs at the benthos in Farlington Marshes, during Winter, there is no 

significant difference in temperature between the benthos and canopy (t = 0.75198, df = 29, 

P = 0.4582) after which the benthos temperature recordings closely follow that of the canopy 

until the signal is lost (Figure 3.7A).  ANOVAs performed on the Outer Kench data 

demonstrated that locality (benthos or canopy height) does not have a significant interaction 

(F1,60 = 0.216, P = 0.643) or additive effect on daily temperature (F1,61 = 0.391, P = 0.534), 

implying that the change in temperature was influenced by season alone (t = 46.931, df = 31, 

P < 0.001). The average increase in temperature from winter to summer was 11.3 °C, similar 

to Farlington Marshes (Figure 3.7B). 

At Farlington Marshes, the daily light intensity recorded at canopy height temperature 

increased from winter (Median = 9635.30 lux) to summer (18690.30 lux) (Figure 3.8B). A 

paired t-test confirmed a significant seasonal increase in daily light intensity (t = 4.4655, df =  
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Figure 3.7. Average daily temperature (ºC) within the seagrass meadow at canopy height (green) and the sea floor (grey) (Farlington Marshes = 

FM; Outer Kench = OK). (A) Recorded continually moving from winter into summer. Grey-shaded areas denote the end and start of seasonal 

sampling. (B)  The average daily temperature (ÜC) measured within the grey areas, considered our ówinterô and ósummerô seasons. The benthic 

logger at Farlington Marshes lost power on June 4th, before the summer seasonal sampling was undertaken hence missing data FM B.  
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Figure 3.8. Average daily temperature (ºC) within the seagrass meadow at canopy height (green) and the sea floor (grey) (Farlington Marshes = 

FM; Outer Kench = OK). (A) Recorded continually moving from winter into summer. Grey-shaded areas denote when some of the seasonal 

sampling was occurring. (B)  The average daily temperature (ÜC) is measured within the grey areas and considered ówinterô and ósummerô. The 

benthic logger at Farlington Marshes lost power on June 4th, before the summer seasonal sampling was undertaken hence missing data FM B.   



68 
 

15, P < 0.001). The recording between winter and summer showed that the daily light intensity 

varies dramatically from March to August (Figure 3.8A). This is more stochastic than the 

increase in temperature witnessed from March to August. At the Outer Kench, the average 

daily light intensity was higher in winter (Canopy median = 10908.85 lux; Benthos median = 

14628.45) and decreased moving into summer (Canopy median = 1534.30 lux; Benthos 

median = 4625.35 lux) (Figure 3.8B). The Outer Kenchôs daily light intensity data generally 

does not follow a normal distribution (P > 0.05). Paired Wilcoxon test confirmed a significant 

seasonal decrease in daily light intensity within the canopy (V = 23, P = 0.02) and at the 

benthos (V = 10, P < 0.002). 

 

3.4 Discussion 

This study demonstrates that the sedimentary carbon content at 30 cm below the sediment 

surface can be variable on a seasonal scale in temperate intertidal seagrass sediment for both 

intertidal Z. marina and N. noltii dominate seagrass meadows. This builds upon previous 

research, which identified that the carbon content of seagrass sediment from temperate 

subtidal Z. marina meadows was variable on a seasonal scale (Dahl et al., 2020b). This 

suggests that the seasonality of carbon stock levels in cooler temperate seagrass meadows 

may be commonplace in a variety of cooler temperate seagrass settings, namely across 

exposure gradients (e.g., exposed, sheltered) and water depths (e.g., shallow, deep) as 

proposed by Dahl (et al., 2020b); across submergence regimes (e.g., intertidal, subtidal), 

sediment types (e.g., sandy, silt) and for seagrass meadows dominated by different seagrass 

species (e.g., N. noltii and Z. marina). When sediment chronology is not undertaken, seasonal 

assessments in temperate seagrass environments of sedimentary carbon content provide an 

initial evaluation of the short-term stability of the sedimentary carbon. Without assessing 

sedimentary carbon stability, the relative permanence of seagrass sedimentary carbon should 

not be assumed.   

The unvegetated sediment at the Outer Kench is the only sediment, vegetated or unvegetated, 

to show no seasonal change in the whole core carbon content and carbon profile. 

Diatomaceous biofilms typically form on the surface of intertidal mudflats and exude large 

quantities of extracellular polymeric substances, which increase sediment particle cohesion 

and sediment stability (Stal & de Brouwer, 2003). However, these biofilms grow better on 

sediments with high silt content and moderate shear stress from water currents (Van de 

Koppel et al., 2001). The dominant water volume flow in Langstone Harbour comes through 

the southerly inlet entrance (Geo & Collins, 1994), making this the squeeze point for water 
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entering and exiting the harbour. Therefore, the Outer Kench (on the southerly side of the 

harbour) is likely exposed to stronger water currents and increased shear stress, given its 

proximity to the harbour entrance. Furthermore, during the tidal flooding and subsequent 

drainage phases, very shallow flows can have velocities close to the flood and ebb maxima 

when the mudflat is submerged (Fagherazzi & Mariotti, 2012). Therefore, any increased shear 

stress acting on the bare sediment at the Outer Kench would limit the formation of biofilms 

and reduce sediment stabilisation. However, unvegetated sediment surface (0-1cm depth) in 

summer shows higher organic carbon valuese than in winter, which could indicate biofilm 

formation occurs during summer but not in winter, namely the environmental setting does not 

enable temporally constant fluxes of organic carbon across. This may suggest that increased 

storm events and the formation of waves in winter have a minor influence compared to the 

constant disturbance from strong tidal currents. Ultimately, this indicates that the 

hydrodynamics in this area make sustained particulate deposition unlikely in unvegetated 

sediment as it would be easily resuspended and moved. This has implications for the limited 

effectiveness of carbon storage within the vegetated seagrass areas in the Outer Kench, given 

the strong evidence for seasonal seagrass canopy senescence. In winter, seagrass sediments 

are exposed to tidal currents and increased wave action in a similar manner to unvegetated 

sediments due to storm events. 

The Outer Kenchôs vegetated seagrass sediment demonstrates enhanced carbon content 

levels in summer versus winter after the seagrass canopy development, but not at the whole 

core level (Corg stock) within its Corg density depth profile (top 0-5 cm). Given that seagrass 

canopies have shown enhanced seabed sedimentation compared to bare substrates 

(Barcelona et al., 2021), this suggests seasonal development of the seagrass canopy may 

switch the seagrass areas of the Outer Kench to net depositional. As no sediment chronology 

is conducted, we cannot directly prove that sedimentation rates have changed or that sediment 

resuspension is reduced, only that the relative levels of Corg within the same depth of seagrass 

sediment have changed from winter to summer after the canopy development. The capacity 

of N. noltii roots and rhizomes to stabilise sediment in winter when aboveground biomass is 

reduced has been highlighted as a mechanism for sediment retention (Potouroglou et al., 

2017). However, the Outer Kench is dominated by intertidal Z. marina, a known facultative 

annual species (Kim et al., 2014a). Suppose the Z. marina in this intertidal environment acts 

as an annual population germinating yearly from seeds. In that case, the seasonal canopy 

development indicates belowground roots and rhizome seasonal development. In this 

instance, the development of Z. marina roots and rhizome simultaneous to the seagrass 

canopy may aid sediment stabilisation and reduce sediment resuspension of the seagrass 
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areas of the Outer Kench moving into summer. Further research on the seasonality of the 

seagrass belowground biomass in these environments needs to be completed.  

Holistically, the increase in available plant biomass, alongside the mechanistic benefits of 

particle sedimentation, sediment stabilisation, and reduced particle resuspension from the 

increase in plant biomass, likely support the seasonal change in Corg content at the Outer 

Kench. However, reduced seagrass biomass in winter means the sedimentary Corg would be 

at risk of remineralisation or resuspension, akin to the unvegetated sediment. Therein, any 

seasonal increase in sedimentary Corg content found within the seagrass sediment in summer 

could easily be lost over winter, when seagrass presence and the associated above and 

below-ground biomass is drastically reduced. In fact, sediment transport models applied to 

temperate Z. marina meadows based within the Virginia Coast Reserve, Long-Term 

Ecological Research site, suggest that slight variations in winter seagrass densities result in 

large changes in annual sediment and carbon accumulation for the seagrass meadow (Zhu et 

al., 2022). Ultimately, it is not easy to interpret how short-term seasonal growth and 

senescence of seagrass influence long-term sedimentary carbon accumulation (Zhu et al., 

2022). However, it does highlight that the ephemerality of this intertidal seagrass means 

organic carbon near the sediment surface should not be assumed permanent or stable. 

Given that both the vegetated and unvegetated sediment at Farlington Marshes show an 

increase in organic carbon content moving from winter to summer, it suggests that the 

deposition of allochthonous organic carbon from outside the area forms a large part of the 

organic carbon stored at this site; or that the in-situ contribution of organic carbon from 

seagrass in the seagrass meadow is parallel to that of the microphytobenthos (e.g. 

diatomaceous mats) in the unvegetated areas. However, the deposition of allochthonous 

carbon likely plays a major role at this site, given that it sits on the northern side of the harbour, 

away from the inlet entrance. As such, the tidal water currents have decreased in energy by 

the time they reach Farlington Marshes. In slow water currents, the sedimentation of particles 

out of the water column happens over a shorter distance, leading to increased deposition in 

that area compared to that with faster currents. These hydrodynamic conditions pose 

Farlington Marshes as a typically depositional area. However, similar quantities of organic 

carbon in vegetated seagrass sediment as unvegetated sediment were found in temperate 

sites, which experienced higher levels of eutrophication, driven primarily by allochthonous 

loading (Novak et al., 2020). In fact, dated seagrass carbon profiles have been shown to 

become increasingly allochthonous, coinciding with increasing anthropogenic pressure 

(Mazarrasa et al., 2017). Langston harbour has historically been identified as an area with a 

possible eutrophication problem, primarily identified by the presence of thick green macroalgal 
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mats (Taylor, 1999; Lowthion et al., 1985). Whilst Farlington Marshes may be a depositional 

area within Langstone Harbour, the levels of Corg deposition may be exacerbated due to 

eutrophication, leading to high allochthonous organic carbon loads at both the unvegetated 

and unvegetated sites. Ultimately, it suggests that seagrass-derived organic carbon may only 

represent a small proportion of the organic carbon stored in the seagrass sediment. Interest 

in seagrass carbon storage often derives from the potential for carbon accreditation to finance 

seagrass restoration. However, carbon accreditation may only represent small financial 

revenue for the vegetation of Farlington Marshesô unvegetated area if most organic carbon is 

allochthonous, as accreditation focuses on autochthonous carbon storage (CEC, 2014). 

Rydeôs vegetated and unvegetated sediment demonstrate a similar change in the Corg density 

depth profile; that is, we see a decrease in Corg within the bottom layers of the sediment. This 

is the only site where we see a decrease in organic carbon moving from winter to summer, 

suggesting this could be linked to the sandy sediment type found at this locality. Sandy 

sediments have higher abundances of aerobic microorganisms whereas muddy sediments 

have higher abundances of anaerobic microbes (Aldeguer-Riquelme et al., 2022), highlighting 

that the microbial community present varies distinctly between these sediment types. Surge 

exposed sandy sediments, demonstrate high extracellular enzymatic activities and bacterial 

carbon production rates which suggest they have an a very active heterotrophic bacterial 

community (Boer et al., 2009). Given this benthic community are typically more active at higher 

temperatures and therefore less active at colder temperatures (Boer et al., 2009), it suggests 

the summer decrease in organic carbon within Rydeôs sandy sediments is a result of higher 

microbial activity and breakdown of organic carbon in summer. Further to this the presence of 

macrofauna affects sedimentation processes, bacterial dynamics and ultimately can cause a 

redistribution of compounds through the vertical sediment profile (Goñi-Urriza et al., 1999). 

The downcore reworking of the Rydeôs sediments is indicated by the change in the downcore 

distribution of carbon density, suggesting the bioturbation depth of macrofauna may place a 

role in the movement and breakdown of carbon by the microbial community. In addition to this 

the sandy sediment at Ryde is exposed to beach surges which in the winter are likely to 

resupend and add to the reworking of sediment. Given that the sediment profile is largely 

reworked, any organic carbon stored at this site would be easily remineralised it therefore 

does not represent permanent storage. This reiterates that comparing carbon stock at multiple 

locations to determine carbon hotspots neglects the differences in sediment accumulation rate 

among sites (Johannessen & Macdonald, 2016). Whilst this study does not seek to determine 

a rate of carbon accumulation, it demonstrates that the organic carbon profiles and the quantity 

of organic carbon within the top 30 cm (Corg stock) within these intertidal seagrass meadows 
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can change seasonally, which has implications for the relative permanence of this organic 

carbon. 

Seasonal change in the aboveground seagrass canopy is ubiquitous across our sites; this has 

implications for other ecosystem services besides carbon storage. Low canopy seagrass beds 

can reduce wave-induced sediment erosion to provide coastal protection (Christianen et al., 

2013). However, storms usually occur when the plant biomass is reduced, as storm events 

are typically stronger and more frequent during the winter season when plant biomass is 

reduced (Koch et al., 2009). Twomey (et al., 2022) highlighted that coastal protection as an 

ecosystem service is not universally defined as such little differentiation is made between the 

value of coastal protection in everyday weather (e.g., tide and average wave energy) versus 

extreme weather events (e.g., storm surge and extreme wave energy). Therefore, the 

importance of seagrasses to coastal protection may not be relevant to winter storm events but 

to everyday wave conditions. Irrespectively, there is a need for an improved understanding of 

how the seasonality of seagrass impacts the provision of coastal protection as an ecosystem 

service. This is closely tied to enhancing our comprehension of the belowground biomass 

seasonality in these intertidal seagrasses. UK intertidal seagrass meadows house juvenile fish 

assemblages of commercial value; although more research is needed to determine if UK 

seagrass acts as a true nursery habitat (Bertelli & Unsworth, 2014). Temperate seagrass from 

other regions are known nursery habitats for both invertebrates and fish (McDevitt-Irwin et al., 

2016). This study on the seasonality of the seagrass meadows suggests that the seagrass 

habitat would be an intermittent resource for juveniles. However, its value remains, especially 

if its seasonality mirrors the timings for the juvenile phases of species utilising it. It suggests 

that juvenile species will only utilise intertidal seagrass in the UK if not obligate seagrass users 

(Bertelli & Unsworth, 2014) because of its transient seasonality. Therefore, assessments of 

macrofauna species diversity, abundance, and juvenile phase habitat utilisation cannot 

necessarily be based solely on observations performed across one small period, given that 

seagrass canopy biomass develops and deteriorates throughout the year. This indicates that 

the value of ecosystem services (e.g., coastal protection, nursery habitat function) will vary 

greatly depending on whether only the peak productivity season is contemplated (Nordlund et 

al., 2018). It, therefore, holds that assessments of seagrass ecosystem services with known 

seasonality cannot be based solely on observations in just one season, especially when at its 

maximum growth, akin to other temperate seasonal macrophytes (Wlodarska-Kowalczuk et 

al., 2014).  
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3.5 Conclusion 

Overall, this study demonstrates the strong seasonality of temperate intertidal seagrass 

biomass. Reworking of intertidal sandy sediments can lead to significant seasonal changes in 

the downcore distribution of carbon density. In areas with soft sediment, two varying seasonal 

influences were noted; first, in the relatively higher energy environment, the lack of seagrass 

biomass in winter undermined the permanence of the organic carbon within the top layers of 

the sediment; second, in the relatively lower energy environment, seasonal organic carbon 

loading occurred at similar levels irrespective of vegetation presence, suggesting the organic 

carbon to likely be allochthonous in origin. Given that the interest in blue carbon research is 

generally motivated by the desire to drive a voluntary carbon market for seagrass restoration, 

these findings strongly affect the application of carbon accreditation in UK seagrass 

sediments. Firstly, the dominance of allochthonous loading within low-energy environments 

suggests seagrass-derived carbon may only contribute a small proportion of the organic 

carbon stored within these seagrass sediments. Carbon accreditation may only represent 

small financial revenue for re-vegetation of slow energy environments if most organic carbon 

is allochthonous, as accreditation focuses on autochthonous carbon storage (CEC, 2014). 

Secondly, in high environments (sandy and soft sediment), the sedimentary carbon content in 

temperate intertidal seagrass sediment is more unstable on a seasonal scale, for both 

intertidal Z. marina and N. noltii dominate seagrass meadows. The ópermanenceô of 

sequestration must be specific for carbon accreditation policies to achieve targets and truly 

offset emissions (Thamo & Pannell, 2015). Sediment chronology would help to resolve if the 

seasonal instability demonstrated here still enables net annual sediment and organic carbon 

accumulation and further to that in the long term (e.g., decades, centuries). However, until 

further evidence is provided, the instability of the sedimentary organic carbon stored within 

these intertidal meadows poses them as weak candidates for the long-term permanent storage 

needed to drive blue carbon markets. Emerging blue carbon markets should aim to incorporate 

the value of co-benefits into financial frameworks to assist with the investments required for 

restoration and conservation. However, the seasonality in aboveground seagrass biomass 

must be considered when determining the extent and value of other temperate seagrass 

ecosystem co-benefits (e.g., nursery function). 
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4 Global patterns in seagrass leaf and sediment carbon isotope fractionation 

have implications for carbon provenance calculations in blue carbon 

accreditation 

4.1 Introduction 

The Verified Carbon Standard (VCS) has created a carbon credit accounting methodology 

(VM0033) to support a financial crediting mechanism for seagrass habitat restoration activities 

on the voluntary carbon market (CEC, 2014; Emmer et al., 2015). Seagrass restoration 

activities are expected to contribute to atmospheric GHG reduction through; increased 

biomass, increased autochthonous sedimentary organic carbon (Figure 1.1B), reduced 

methane, nitrous oxide and/or carbon dioxide emissions (Emmer et al., 2015). The focus on 

increased autochthonous organic carbon in seagrass sediments highlights that, carbon fixed 

outside the project area cannot be attributed to project activities (CEC 2014) because it raises 

concerns of double carbon counting across habitats. Understanding the provenance of 

sedimentary carbon is key to carbon markets and restoration schemes that aim to enhance 

carbon sequestration and reduce GHG concentrations (Geraldi et al., 2019). Therefore, 

distinguishing global patterns in the proportions of autochthonous and allochthonous carbon 

within seagrass sediments is critical to provide insights into how seagrass blue carbon finance 

solutions should differ regionally. However, distinguishing the carbon provenance of 

sedimentary carbon within seagrass habitats is only part of the process of carbon credit 

accreditation for seagrass restoration activities. 

Seagrass isotopic carbon values often differ from plankton, seagrass epiphytes and terrestrial 

vegetation (Moncreiff and Sullivan, 2001). Through these values it is possible to distinguish 

the seagrass derived contributions within sedimentary carbon stocks (Moncreiff and Sullivan, 

2001; Kennedy et al., 2010). However, carbon contributions to seagrass sediments are not 

always distinguishable by stable isotopic analysis, the potential sources of organic carbon 

must have well constrained isotopic values, with limited to no overlap. Such overlaps include: 

macroalgae with epiphytic and benthic microalgae (Moncreiff and Sullivan, 2001; Oreska et 

al., 2018), which can lead to a lack of resolution between these sources. The use of eDNA to 

determine carbon provenance in seagrass sediments in combination with stable isotopic 

analysis has been demonstrated to reduce the ambiguity in provenance and suggests that 

stable isotope analysis may underestimate the contributions of autochthonous carbon (Reef 

et al., 2017; Ortega et al., 2020). Most recently, within tropical seagrass sediments eDNA 

discriminated the carbon provenance of macrophyte taxa to species level (Ortega et al., 2020). 

A well-resolved understanding of carbon provenance to species-level for seagrass sediments 

across the globe has yet to be determined, especially within temperate seagrass meadows. 
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Therefore, the most commonly utilised approach for determining carbon provenance on a 

global scale is utilising stable isotopic analyses in stable isotope mixing models (SIMMs).  

Peer-reviewed published data may be utilised as evidence to generate a value of the 

percentage of allochthonous carbon to be deducted for accounting (Emmer et al., 2015). The 

requirements for selecting the literature-based proxy are that the value be from a study in the 

same or similar systems as those in the project area (Emmer et al., 2015). Previous analysis 

of seagrass leaves ŭ13C and seagrass sediment ŭ13C suggested the global ratio of 

autochthonous to allochthonous carbon buried in situ in seagrass sediments is 50:50 (Kenedy 

et al., 2010). Seagrass species often occupy specific climatic regions of the world, as such 

distinct seagrass bioregions have been identified based on species distributions and provide 

a useful framework for interpreting ecological, and physiological results collected in specific 

locations (Short et al., 2007). Further to this the chemical recalcitrance of seagrass tissues 

can vary across tissue types, taxa, and geography (Trevathan-Tackett et al., 2017b).  

Therefore, the ŭ13C seagrass and sediment values noted globally will vary, likely relative to 

seagrass plant traits and the locations or settings of these plants. Therefore, the climatic 

species composition will not act as a standalone predictor, but rather interplay with the typical 

habitat placement within that climatic coastal setting and the subsequent landscape dynamics. 

When utilising allochthonous carbon proxies the criteria and influencing factors which make 

the proxy similar to the restoration project should be considered and justified to provide context 

on the decision process behind the proxy selection. 

In the context of determining carbon provenance in coastal sediment SIMMs are formed of the 

unknown sediment mixture, the representative autochthonous source (e.g., seagrass) and the 

allochthonous source(s) (e.g., saltmarsh, particulate matter). As the number and type of 

allochthonous sources utilised in SIMMs will vary dependent on the situational context in 

question the constant elements in seagrass carbon provenance SIMMs are the unknown 

sediment mixtures and the autochthonous seagrass source. This study therefore collates an 

updated worldwide synthesis of ŭ13C data for seagrass sediments and leaves. Given that peer-

reviewed published data may be utilised as evidence to generate a value of the percentage of 

allochthonous sediment organic carbon, typically derived from SIMMs derived in part from 

ŭ13C seagrass and sediment values, this study investigates which influencing factors need to 

be considered when utilising allochthonous carbon proxies based on their derivative ŭ13C 

seagrass and sediment values from around the globe. It determines the difference between 

ŭ13C seagrass and sediment (ȹŭ13CseagrassȤsediment). It examines the ŭ13C seagrass and 

seagrass sediment values, depending on the climatic setting, according to known seagrass 

bioregions (Short et al., 2007), in relation to geomorphology (e.g., estuarine, lagoonal) or the 



76 
 

subsequent ótypicalô seagrass communities, by addressing seagrass morphological traits (i.e., 

size).  

 

4.2 Methods 

4.2.1 Compilation of ŭ13C dataset  

Estimates of ŭ13C seagrass sediment, and ŭ13C seagrass leaves were compiled from the 

literature. The search criteria focused on utilising keys terms including ócarbonô, óisotopeô, 

óisotopicô, ósedimentô, óseagrassô and óŭ13Cô, searches were repeated utilising various 

combinations of these terms until the literature returned saturated. In total, 52 papers 

contributing 409 analyses of ŭ13C seagrass sediment were utilised (Supplementary 5), in 

addition to the 219 analyses compiled by Kennedy (et al., 2010). Overall, the data set compiled 

for this study contained 628 analyses of ŭ13C seagrass sediment, versus a total of 523 ŭ13C 

seagrass leaves analyses. Data from each seagrass meadow did not always contain values 

for both ŭ13C seagrass leaves and ŭ13C seagrass sediment, so the number of data points and 

the locations that the data represent may differ between parameters. The ŭ13C seagrass 

sediment values were from various subsampled depths, but all were obtained from within the 

top 30cm of seagrass sediment (i.e., surface to 30cm depth). Where in the literature deeper 

sediment cores were subsampled as smaller depth intervals, an average value of the 

subsamples within the top 30cm was utilised. The differences between ŭ13C seagrass 

sediment and ŭ13C seagrass leaves were calculated (ȹŭ13CseagrassȤsediment). This dataset 

includes a total of 500 ȹŭ13CseagrassȤsediment values. The sample stable carbon isotopic 

composition (ŭsample) was calculated with the following formula (Kennedy et al., 2010):  

ŭsample = 1000 [(Rsample/ Rstandard) ī 1], 

where Rsample is the ratio between the heavy and the light stable isotope in the sample (R = 

13C/12C), and Rstandard is the standard ratio of the same quantities, where standard means 

Vienna Pee-dee Belemnite (VPDB).  

 The ȹŭ13CseagrassȤsediment dataset was initially divided into climatic groups (Temperate or 

Tropical seagrass habitat); these were further classified into several temperate (North Pacific, 

North Atlantic, Southern Oceans and Mediterranean) and tropical bioregions (Atlantic and 

Indo-Pacific) (Short et al., 2007). Moreover, the dataset was grouped by morphological 

seagrass species size, which aligns with species traits for below-ground biomass allocation 

(Hyndes et al., 2018; Collier et al., 2021) (Figure 4.1). Although it is important to note that 
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within localised areas of the seagrass bioregions certain seagrass size classes are considered 

dominant (Table 4.1).  

 

Figure 4.1. Classification of seagrass by their morphological size (Figure adapted from 

Kilminster et al., 2015; Collier et al., 2021).  

4.2.2 Data Analysis of the ŭ13C dataset 

The median global ȹŭ13CseagrassȤsediment compiled in this study was compared to the median 

global ȹŭ13CseagrassȤsediment of Kennedy (et al., 2020) by Wilcoxon rank sum test with continuity 

correction. The Shapiro-Wilk test was used to test the normality of the data. Whenever two 

groups were compared, a Kruskal Wallis test was applied (when normality assumptions were 

not satisfied) with pairwise Mann-Whitney tests as the appropriate post hoc test. The P values 

of the Mann-Whitney tests were adjusted by the Bonferroni method to reduce the false positive 

rate associated with multiple testing (Jafari et al., 2018). Climatic seagrass bioregion 

(Temperate: North Pacific, North Atlantic, Southern Oceans and Mediterranean; Tropical: 

Atlantic and Indo-Pacific) and seagrass size classifications (large, mid-range, small and 

mixed) were considered as factors in the analysis of ȹŭ13Cseagrass-sediment.  Given the small 

sample size when considering both factorsô (<3), the effect of climatic bioregions and size on 

ȹŭ13Cseagrass-sediment were initially assessed separately.  

Data quality control was performed with the R package skimr. The data were checked for 

inconsistencies (e.g., data with different units or values that are definite outliers), and 

duplicates were removed. Rows with missing data were removed when full details were 

necessary to analyse the dataset. This implied a reduction to 414 instances from the initial 

731. Principal Component Analysis (PCA), Multiple factor analysis (MFDA) and analysis of 

variance (ANOVA) were performed on the reduced dataset. Multiple pairwise-comparison 

between the means of different groups were performed with the Tuckey HSD. 
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Table 4.1. The seagrass size classes and representative genera that occur within specific seagrass bioregions, (modified from; Short et al., 

2007). Those in grey are considered the typical dominant genera within localised areas of that bioregion. 

Seagrass size classes  

with representative genera  

Seagrass Bioregions 

Temperate Tropical 

North Atlantic North Pacific 
Southern 

Oceans 
Mediterranean Atlantic Indo-Pacific 

Small 
Halodule spp. X X X X X X 

Halophila spp.  X X X X X 

Mid-

range 

Cymodocea spp. X   X  X 

Phyllospadix spp.  X     

Ruppia spp. X X X X X X 

Syringodium spp.   X  X X 

Zostera spp. X X X X  X 

Large 

 

Amphibolis spp..   X    

Enhalus spp.      X 

Posidonia spp.   X X   

Thalassia spp.     X X 

Thalassodendron spp.   X   X 
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4.3 Results 

The ŭ13C values of seagrass sediment ranged globally from -28.14ă to -6.38ă (Figure 4.2). 

Whilst the global ŭ13C values of seagrass leaves ranged from -19.65ă to -3.85ă. Shapiro-

Wilk tests confirmed that the overall ŭ13C seagrass sediment (W = 0.99554, P > 0.05) and 

ȹŭ13Cseagrass-sediment (W = 0.99539, P > 0.05) data followed a normal distribution, while that was 

not the case for the ŭ13C seagrass leaves data (W = 0.96191, P < 0.05). Therefore, it was 

decided to use the median as the best measure of central tendency across the global dataset 

(Table 4.2). On average, the ŭ13C values of seagrass leaves were isotopically heavier (Median 

xӉ = -9.88ă) than those of seagrass sediment (Median xӉ = -17.20ă) (Table 4.2). The 

difference between ŭ13C values from seagrass leaf tissue and ŭ13C values from seagrass 

sediment, in those samples where the two types of values were paired, produced a positive 

global average with a ȹŭ13CseagrassȤsediment median of 7.36ă (Figure 4.2). The global average in 

this study (Median xӉ = 7.36ă) is significantly higher (W = 43071, P < 0.001) than the global 

median (Median xӉ = 6.3ă) reported in the original Kennedy (et al., 2010) dataset. The 

compiled dataset contained analyses from the coastlines of the North-East Pacific, Subarctic, 

Red Sea, Persian Gulf, Bay of Bengal and South Atlantic compared to historic global datasets 

(Figure 4.3A) (Kennedy et al., 2010; Bouillon and Boschker, 2006). However, very limited data 

were found for the coastlines along the South Atlantic, South-East Pacific and western region 

of the Indian Ocean.  

 

 

Figure 4.2. Global ŭ13C of seagrass leaves, seagrass sediment and ȹŭ13CseagrassȤsediment. 
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4.3.1 Seagrass bioregions 

Shapiro-Wilk tests confirmed that when grouped by climate, the temperate (W = 0.98373, P < 

0.05) and tropical (W = 0.97052, P < 0.05) ȹŭ13Cseagrass-sediment data were not normally 

distributed. Overall, there was a significant difference in ȹŭ13CseagrassȤsediment between temperate 

and tropical bioregions (ɢ2
(1) = 36.747, P < 0.01), with a higher ȹŭ13CseagrassȤsediment in temperate 

seagrass meadows (Median xӉ = 8.3ă, Range = -5.4 to 19.8ă) compared to the tropical ones 

(Median xӉ = 6.11ă, Range = -1.0 to 18.8ă) (Table 4.2). This identifies that a significant 

difference in the ȹŭ13CseagrassȤsediment was observed between seagrass bioregions (ɢ2
(5) = 

72.752, P < 0.01). The Shapiro-Wilk test confirmed that several groupings did not follow a 

normal distribution when ȹŭ13CseagrassȤsediment values were grouped by seagrass bioregion 

(Supp. 6. Table 1). Pairwise comparisons showed that a significant difference in ȹŭ13Cseagrass-

sediment was only observed between some of the temperate and tropical bioregions (Supp. 6. 

Table 2). The temperate North Atlantic and North Pacific bioregions though not significantly 

different from each other, show significantly higher values (ȹŭ13CseagrassȤsediment median xӉ = 

9.06ă and median xӉ = 8.54ă) than all other bioregions (Figure 4.3B). Some temperate 

bioregions ȹŭ13CseagrassȤsediment were comparable to tropical regions, with the ȹŭ13CseagrassȤsediment 

in the Mediterranean (Median xӉ = 7.21ă) not significantly different from the tropical Indo-

Pacific (Median xӉ = 6.48ă). The bioregions with the lowest ȹŭ13CseagrassȤsediment were the 

temperate Southern Oceans (Median xӉ = 4.20ă) and the tropical Atlantic (Median xӉ = 5.60ă), 

which were not significantly different from each other (Figure 4.3B). 
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Figure 4.3. A Distribution of seagrass meadows where ŭ13C sediment has been reported in 

this study, across global seagrass bioregions (Short et al., 2007). White points are from 

Kennedy (et al., 2010), and grey points are those added by this study (Supplementary 1). 

World countries base map ©Esri. B The ȹŭ13CseagrassȤsediment for seagrass habitat across 

temperate (North Atlantic, North Pacific, Southern Oceans and Mediterranean) and tropical 

(Atlantic and Indo-Pacific) seagrass bioregions. À = Significantly different from all other regions 

P < 0.05. Other significant pairwise differences * = P < 0.05 
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Table 4.2. Average ŭ13C seagrass leaves, ŭ13C seagrass sediment and ȹŭ13CseagrassȤsediment for seagrass habitat across the temperate and tropical 

seagrass bioregions further grouped according to seagrass size and as such their relative below-ground biomass allocation. The average 

presented is the median alongside the range. Replication for each classification in italics. 

 Seagrass 
bioregion 

Seagrass 
size 

ŭ13Cseagrass 

(ă) 
Range n 

ŭ13Csediment 

(ă) 
Range n 

ȹŭ13Cseagrass-

sediment (ă) 
Range n 

North Atlantic 

Mid-range -9.82 -15.0 to -5.4 184 -18.36 -28.1 to -6.4 171 9.06 -2.6 to 19.8 165 

Mixed    -19.50 -19.7 to -19.3 2    

Subtotal -9.82 -15.0 to -5.4 184 -18.45 -28.1 to -6.4 173 9.06 -2.6 to 19.8 165 

North Pacific Mid-range -9.84 -11.8 to -7.2 24 -18.62 -27.5 to -15.2 29 8.54 6.1 to 16.3 28 

Southern 
Oceans 

Large -10.49 -12.7 to -9.5 8 -13.98 -23.3 to -7.3 45 4.10 -5.4 to 11.0 11 

Mid-range -10.80 -19.1 to -10.5 13 -19.60 -24.6 to -14.6 15 5.13 0.3 to 11.4 13 

Small -13.20  1 -17.62 -18.5 to -15.6 5 2.35  1 

Subtotal -10.78 -19.1 to -9.5 22 -14.80 -24.6 to -7.3 65 4.20 -5.4 to 11.4 25 

Mediterranean 

Large -12.4 -15.8 to -8.2 36 -18.08 -24.6 to -11.8 42 5.55 0.5 to 9.9 34 

Mid-range -9.30 -11.6 to -5.7 39 -18.00 -23.9 to -12.6 37 7.80 4.3 to 16.9 37 

Small -8.40 -9.3 to -7.8 3 -19.50 -19.6 to -18.1 3 11.20 8.8 to 11.7 3 

Subtotal -11.59 -15.8 to -5.7 78 -18.10 -24.6 to -11.8 82 7.21 0.5 to 16.9 74 

Temperate bioregions -10.20 -19.1 to -5.4 308 -18.00 -28.1 to -6.4 349 8.30 -5.4 to 19.8 292 

Atlantic 

Large -8.65 -11.6 to -6.3 45 -13.01 -17.5 to -9.8 44 4.12 -1.0 to 11.2 44 

Mid-range -7.10 -9.4 to -4.8 3 -17.50 -17.7 to -17.2 3 10.1 8.3 to 12.7 3 

Small -9.90 -10.2 to -8.7 10 -15.50 -20.8 to -14.4 9 5.60 4.5 to 12.1 9 

Mixed -8.99 -15.4 to -6.5 30 -15.59 -21.2 to -12.0 29 6.69 2.9 to 11.8 29* 

Subtotal -8.99 -15.4 to -4.8 88 -14.53 -21.2 to -9.8 85 5.60 -1.0 to 12.7 85 

Indo-Pacific 

Large -9.83 -19.7 to -5.9 60 -16.30 -26.6 to -9.2 54 6.65 2.3 to 18.6 48 

Mid-range -10.38 -18.8 to -3.6 24 -20.85 -26.4 to -18.5 27 12.00 3.9 to 18.8 4 

Small -8.00 -18.7 to -7.1 32 -16.40 -25.9 to -9.0 63 7.22 3.9 to 13.4 29 

Mixed -9.52 -9.9 to -5.4 11 -13.99 -21.7 to -9.9 50 4.55 2.4 to 12.6 42** 

Subtotal -9.74 -19.7 to -3.6 127 -16.56 -26.6 ï 9.0 194 6.48 2.3 to 18.8 123 

Tropical bioregions -9.40 -19.7 to -3.6 215 -15.59 -26.6 to -9.0 279 6.11 -1.0 to 18.8 208 

Global -9.88 -19.7 to -3.6 523 -17.20 -28.1 to -6.4 628 7.36 -5.4 to 19.8 500 
*  Mixed community containing large seagrass species n = 27; mixed community with only small or mid-range sized seagrass n = 2.  
** Mixed community containing large seagrass species n = 38; mixed community with only small or mid-range sized seagrass n = 4. 
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4.3.2 Seagrass size classifications 

Seagrass habitats with the highest difference between the ŭ13C value of seagrass leaves and 

sediment were meadows dominated by mid-range seagrass (ȹŭ13CseagrassȤsediment median xӉ = 

8.73ă) (Figure 4.4). Shapiro-Wilk test confirmed that when ȹŭ13CseagrassȤsediment was grouped 

by seagrass size, several groupings did not conform to a normal distribution (Supp. 6. Table 

3). Seagrass size was therefore a significant factor for determining the ȹŭ13CseagrassȤsediment in 

seagrass meadows (ɢ2
(3) = 79.355, P < 0.01). Pairwise Mann-Whitney tests confirmed that  

 

Figure 4.4. ȹŭ13CseagrassȤsediment grouped according to seagrass species size classification. À = 

Significantly different from all other size classifications P < 0.05. * = Significantly different from 

groups of only one seagrass size class P < 0.05. (Seagrass icons from; Kilminster et al., 2015; 

Collier et al., 2021). 

meadows dominated by seagrass from the mid-range size category (e.g., Zostera spp., 

Cymodocea spp., Ruppia spp. and Syringodium spp.) had significantly higher 

ȹŭ13Cseagrass-sediment than meadows formed of small, large or mixed seagrass species. However, 

there is a high variation across the ȹŭ13Cseagrass-sediment values of mid-range-sized seagrass 

meadows. The average ȹ13Cseagrass-sediment in meadows dominated by small seagrass species 

(Median xӉ = 7.15ă) was significantly lower than the value in mid-range meadows, and 

significantly higher than the ȹ13Cseagrass-sediment measured in meadows dominated by large 
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species (Figure 4.4; Supp. 6. Table 4). Therefore, this suggests that within meadows that 

contain only one seagrass size class, the ȹ13Cseagrass-sediment decreases by seagrass size 

(ȹ13Cseagrass-sediment; Mid-range > Small > Large seagrass species). Seagrass habitats with the 

lowest ȹ13Cseagrass-sediment, were monospecific meadows of large seagrass species (Median xӉ 

=5.24ă) or mixed meadows (Median xӉ = 5.63ă). However, within this dataset the seagrass 

composition of mixed meadows generally included large seagrass species (Table 4.2). Thus, 

it may be concluded that seagrass habitats with the lowest overall ȹ13Cseagrass-sediment are 

typically monospecific or mixed meadows that house large-bodied seagrass with high below-

ground biomass such as Amphibolis spp., Enhalus acoroides., Posidonia spp., Thalassia spp 

and Thalassodendron spp. 

4.3.3 Principle component analysis 

All analyses below were performed on 414 samples. Before performing the PCA, the 

correlation analysis was run between the five variables: latitude, longitude, seagrass and 

sediment ŭ13C and sediment depth. The analysis showed a significant positive correlation 

between seagrass and sediment ŭ13C and a lower significant positive correlation between the 

sediment depth and both seagrass and sediment ŭ13C. A negative significant correlation was 

observed between the longitude and all other variables (Figure 4.5A). The PCA analysis 

showed that latitude and seagrass ŭ13C explain most of the variation in medium and temperate 

North Atlantic species (Figure 4.5B & 4.5C). Sediment ŭ13C explains most of the variation in 

tropical Atlantic species independently of their size, and longitude and sediment depth can 

explain most of the variation in Tropical Indo-Pacific species. 

4.3.4 Multi-factor analysis of mixed data 

Given the structure of the available information, that is, each species is described by a set of 

quantitative and qualitative variables structured in groups, multi-factor analysis of mixed data 

in which the categorical variables were considered together with the numerical ones was 

performed. The representation of individuals (Figure 4.6A & 4.6B) clearly confirms a 

separation between seagrass bioregions and different leaf-size populations. The first axis 

opposes north temperate regions to tropical and south temperate regions, with the 

Mediterranean region separating the two areas.  The first axis also opposes medium leaf-size 

individuals to all others. The second axis differs tropical Atlantic individuals from all others. 

The representation of variables shows that the Seagrass bioregion is the most contributing 

variable to both factors (Dim1 and Dim2) (Figure 4.7); latitude is closely linked to Dim1, while 

longitude, sediment and seagrass ŭ13C, and sediment depth are linked to Dim2. The 

percentage of contribution of each variable (numerical and categorical) to the factors is shown  



85 
 

 

 

Figure 4.5. (A) Correlation analysis between the variableôs latitude, longitude, seagrass and 

sediment ŭ13C and sediment depth. Principle component analysis with data visualisation 

focused on distinguishing (B) seagrass bioregion (MD = Mediterranean; NA = North Atlantic; 

NP = North Pacific; SO = Southern Oceans; TA = Tropical Atlantic; IP = Indo-Pacific) and (C) 

seagrass species size classification. 
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Figure 4.6. The individuals presented on a mixed FAMD factor map for (A) seagrass 

bioregions and (B) seagrass species size classification (C) Correlation between variables and 

dimensions. 
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Figure 4.7 (A) Contribution of variables to both factors (Dim1 and Dim2) (B) Contribution of 

variables to Dim1 (C) Contribution of variables to Dim2  
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in the bar plots (Figure 4.7). The correlation circle specifies the sign of the correlation between 

variables and dimensions (Figure 4.6C). Seagrass ŭ13C and latitude correlate negatively with 

Dim1 and positively with Dim 2, sediment ŭ13C and sediment depth correlate positively with 

both factors and finally, longitude correlates negatively with Dim1 and positively with Dim2.  

The analysis of variance was run with the model: 

ȹŭ13CseagrassȤsediment = Bioregion + Size + Long + Lat + e 

The result strongly agreed with the previous analysis, indicating a significant difference 

(p<0.001) in the difference between sediment and seagrass ŭ13C between bioregions and leaf 

sizes. A Tukey comparison showed that the most significant difference could be observed 

between Medium vs Large leaf-size seagrass (p<0.001; Supp. 6. Table 5) and Small vs Large 

leaf-size seagrass (p<0.05). In terms of bioregions, significant differences (p<0.001) could be 

observed between Temperate Southern Oceans and Temperate North Atlantic, or Temperate 

North Pacific; and between Tropical Atlantic and Temperate North Atlantic, or Temperate 

North Pacific, or Tropical Indo-Pacific. 

4.3.5 Geomorphological trends -Cluster analysis 

KMeans clustering of the seagrass and sediment ŭ13C and sediment depth data suggested 

that three main clusters can be identified (Figure 4.8A). When reported on the world Global 

Coastal Typology map (doi:10.1007/s12237-011-9381-y) it could be observed that the first 

(red) and the third (green) clusters mostly fall onto small deltas and tidal systems coastlines 

respectively, while the second cluster (black) mostly corresponds to lagoons, arheic and fjords 

coastlines (Figure 4.8B). It is clear from this analysis that more factors need to be considered 

in order to obtain a better distinction among the different species. Also, despite considering 

latitude and longitude in the analysis, these do not seem to have a strong effect on the 

characterization of the three clusters.  
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Figure 4.8. (A) Cluster plot displaying KMeans clustering of the seagrass and sediment ŭ13C and sediment depth data (B) The three distinct 

clusters (1 = Red, 2 = Black, 3 = Green).  reported on the world Global Coastal Typology map (doi:10.1007/s12237-011-9381-y). Cluster 1 and 

3 mostly fall onto small deltas and tidal systems coastlines, Cluster 2 corresponds to lagoons, arheic and fjords coastlines. 
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4.4 Discussion 

Blue carbon accreditation typically credits the sediment organic carbon originating or forming 

in the project area, namely the autochthonous organic carbon (e.g., from vegetation) (Emmer 

et al., 2015), which is the carbon formed by the target vegetative blue carbon habitat, in this 

instance seagrass derived carbon. However as demonstrated in this study the presence of 

allochthonous carbon within seagrass sediment is ubiquitous. Williamson and Gattuso (2022) 

highlighted that the initial identification of the importance of coastal blue carbon ecosystems 

in the global carbon cycle was based on the estimate that around 50% of carbon burial in the 

global ocean occurred in their sediments, which given the high variability in allochthonous 

carbon storage now raises accounting issues for carbon accreditation. The proportion of 

allochthonous carbon present in seagrass sediment alongside the organic carbon 

accumulation rate, determines the suitability for a meadow to be managed for carbon benefits. 

Therefore, the evidence used to generate the percentage of allochthonous sediment organic 

carbon for carbon accreditation calculations needs to be carefully contemplated. This research 

indicates that when choosing a proxy for estimating the proportion of allochthonous sediment 

organic carbon from existing literature, it is important to evaluate whether the ŭ13C values used 

in calculating the proxy accurately reflect the characteristics of the restoration site. Specifically, 

it is crucial to assess if the isotopic carbon values originate from a site with comparable 

geomorphology, seagrass plant characteristics (such as size or species), and location, and in 

certain instances, to what extent they align with the bioregional scale of the restoration area. 

The consequence of applying inappropriate allochthonous carbon proxies could cause carbon 

offsets to be overestimated. The sale of carbon offsets for a project that has overestimated its 

capacity to remove GHG versus its true-realised capacity will result in carbon emissions, i.e., 

the carbon has been theoretically offset by being sold as a credit and retired, but then the 

project does not manage to achieve the carbon offset to balance the credits already sold. 

4.4.1 Factors affecting photosynthetic fractionation of seagrass leaves 

During photosynthesis and the fixation of CO2, discrimination between the lighter and heavier 

carbon isotopes occurs causing isotopic fractionation, such that plants become depleted in 

the heavier carbon isotope 13C. Therefore, the environmental parameters which influence 

photosynthesis, have the potential to influence isotopic fractionation and the ŭ13C values of 

seagrass tissues. Decreased irradiance leads to increased isotopic discrimination, such that 

in shaded seagrass the ŭ13C values of seagrass leaves are isotopically lighter (Durako and 

Hall, 1992). This means differences in fractionation can occur locally within a seagrass 

meadow in response to these environmental conditions, associated with reduced irradiance 

with increased depth (-11ă at 5m depth, -16.4ă at 35m depth) (Cooper and DeNiro, 1989). 
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This would also suggest that seawater turbidity, which alters irradiance penetration, could 

locally influence levels of photosynthetic activity and as such fractionation. Whether this be a 

result of the general catchment dynamics (e.g., estuarine flow or sediment loading) or due to 

pulse events (e.g., storm events, tides and dredging) (Erftemeijer and Robin Lewis, 2006; 

Longstaff and Dennison, 1999). Ultimately though the change in fractionation associated with 

irradiance is related to reduced carbon demand at lower irradiances (Lepoint et al., 2003) and 

carbon-limited photosynthesis in periods of light saturation, which provides a mechanistic link 

between irradiance, photosynthesis, and isotope fractionation (Hu et al., 2012).  

Our analysis revealed that latitude and seagrass ŭ13C explain most of the variation in medium 

and temperate North Atlantic species. This implies that the changes in environmental light 

conditions (e.g., decreased light intensity, decreased photoperiod) associated with increased 

latitude may partly explain the seagrass tissue fractionation pattern within this bioregion. 

Especially so given other factors such as seagrass species, and the associated seagrass 

traits, are more negligible within the North Atlantic bioregion which has the lowest seagrass 

species diversity globally and subsequently reduced seagrass size trait diversity (Short et al., 

2007, Table 4.1.). In tropical areas where light is saturated changes in latitude would not 

explain irradiance driven isotopic fractionation, rather other factors such as sediment ŭ13C, 

longitude and sediment depth become increasingly important, as seen in our dataset. 

Hemminga and Mateo (1996) highlighted that the effect of temperature on CO2 availability in 

seawater might also offer a plausible explanation for latitudinal trends in seagrass ŭ13C.  Each 

of these parameters, i.e., temperature, irradiance and photoperiod, change with latitude. Thus, 

it may be difficult to disentangle these factors, as they likely interact while driving 

photosynthesis and isotopic fractionation. However, Hemminga and Mateo (1996) highlight 

that the mechanism for latitudinal change in the North Atlantic bioregion seagrass ŭ13C is 

related to latitudinal changes in carbon availability, the subsequent carbon fixation and relative 

discrimination of 12C and 13C. The North Atlantic bioregion does not have deep coastal 

seagrass meadows associated with other temperate bioregions (NP, MD and SO) or the back-

reef seagrass meadows associated with tropical regions (TA, IP) (Short et al., 2007). 

Therefore, the North Atlantic bioregion has a reduced variety of coastal settings in which 

seagrass is found, which makes the seagrass more uniform at the bioregional scale. Akin to 

the lack in species diversity within the bioregion, the reduced coastal settings in which 

seagrass is found in this region, likely enhances the clarity of latitudinal trends in seagrass 

ŭ13C, as demonstrated in this study. The similarity in species composition and coastal setting 

experienced across the North Atlantic bioregion result in seagrass ŭ13C which are distinct at a 

bioregional scale, particularly in comparison to other bioregions, which have to contend with 

additional factors such as varied species composition, size traits and coastal settings. 
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Therefore, restoration projects in the temperate Northern Atlantic bioregion must use 

percentage of allochthonous sediment organic carbon proxies calculated from seagrass ŭ13C 

from within the bioregion to represent the project site. However, North Atlantic bioregion values 

can perhaps be utilised more coarsely with higher confidence than for other bioregions that 

demonstrate wider variability and need other factors to be considered such as species 

composition, size traits and coastal settings.  

4.4.2 Seagrass size traits and their biogeographic implications 

The fact that the traits of the seagrass species inhabiting a meadow (e.g., seagrass species 

size classification) influences the sediment and seagrass ŭ13C has regional consequences 

when considering the geographical distributions of certain seagrass size classes (Table 4.1). 

Our analysis suggested the two north temperate regions (North Atlantic and North Pacific) to 

be most distinct from the south temperate regions, with the Mediterranean region separating 

the two areas. The North Atlantic and North Pacific bioregions were represented only by mid-

range seagrass species. The temperate North Atlantic and North Pacific dataset also did not 

contain any monospecific meadows of small or large species, or any mixed meadows 

containing large seagrass species. Temperate seagrass meadows in the Northern 

hemisphere are limited in this respect, the only and most notably large seagrass species being 

Posidonia oceanica, which is found in the Mediterranean seagrass bioregion (Table 1). In 

contrast, the temperate Southern Oceans bioregion have various large seagrass species: 

Amphibolis antarctica, A. griffithii, Posidonia angustifolia, P. australis, P. ostenfeldii complex, 

P. coriacea, P. denhartogii, P. kirkmanii, P. robertsoniae, P. sinuosa, Thalassodendron 

pachyrhizum and T. ciliatum (Short et al., 2007). Most of these large species in the Southern 

Oceans proliferate around the coasts of Australia and are typically considered the dominant 

species there. Regarding the other temperate southern coasts, South Africa has only one 

large species (T. ciliatum) with mid-range Zostera spp. considered dominant; while the South 

American (Chile and Argentina) and New Zealand coasts have no large species and are 

dominated by mid-range Zostera spp. Therein, temperate Australian seagrass meadows are 

relatively unique in that they host multiple large seagrass species. On the other hand, the 

Southern Oceans data analysed in this study are mostly based on ŭ13C seagrass leaves and 

sediment values from Australian coasts, which biases the dataset.  Therefore, many other 

temperate seagrass meadows such as Nanozostera mulleri seagrass in New Zealand (Bulmer 

et al., 2020) may be akin to seagrass meadows dominated by mid-sized seagrass in the 

Northern hemisphere. Our study suggests that the temperate Southern Ocean seagrass 

meadows, which host multiple large seagrass species, and the Mediterranean, which hosts 

the large seagrass species P. oceanic are more distinct from the North Atlantic and North 

Pacific bioregions. This difference could be related to the bioregions increased diversity of 
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species with different size traits or specifically the presence of localities where large sized 

seagrasses are dominant (Table 4.1). 

4.4.3 The complexity of multi-species meadows for allochthonous carbon proxies 

In multi-species seagrass communities, several canopies may exist creating a vertically and 

horizontally heterogeneous landscape; some Indo-Pacific seagrass beds, for example, may 

have a main canopy formed by T. hemprichii, emergent patches of E. acoroides (Ḑ50 cm), 

mid canopy of Cymodocea spp. and Syringodium spp. (Ḑ15ï30 cm), lower canopies of 

Halodule spp. (Ḑ10 cm) and Halophila spp. (Ḑ5 cm) (Vermaat, 2009). As such there may be 

a difference in fractionation between the leaves in different layers of the canopy due to their 

relative placement and rate of CO2 uptake for photosynthesis, related to environmental 

variables such as light penetration (Durako and Hall, 1992), such as seen in terrestrial closed 

canopy forests associated with height, light availability and tree species, resulting in low 

canopy leaves depleted in 13C (Lowry et al., 2021). However, isotope fractionation in terrestrial 

plants is also linked to their carbon concentrating mechanism (e.g., C3, C4 and CAM) for 

acquiring carbon from the atmosphere in the form of CO2 from the air, which for C3 and C4 

plants usually results in two non-overlapping ranges (OôLeary, 1988). In aquatic environments 

formed of more viscose water opposed to air, slower diffusion of inorganic carbon through 

thick boundary layers results in greater carbon limitation relative to terrestrial counterparts 

(Touchette and Burkholder, 2000). As a result, seagrass ŭ13C values fall within the range of 

C4 plants despite the belief that seagrasses in general have a C3 type of photosynthetic 

metabolism (Hemminga and Mateo, 1996), related to carbon limitation from existing in aquatic 

environment, namely the medium of water. Seagrass have shown species specific differences 

in structure and diffusive boundary layers (Borum et al., 2016). To complicate this further, 

there are discrepancies regarding whether seagrass species are C3, C4, or are C3-C4 

intermediates (Touchette and Burkholder, 2000). In addition to this, debate still remains about 

whether specific seagrass species also utilise, and to what extent, HCO3
- in addition to 

dissolved CO2 (Invers et al., 2001). Ultimately this emphasises that species-specific traits 

relating to the leaf boundary layers and carbon metabolism pathways would lead to varied 

isotopic fractionation between species, which may also vary depending on environmental 

influences on isotopic fractionation.  

In both monospecific, but particularly in mixed species meadows there are multiple seagrass 

derived sources to consider each with potentially different seagrass ŭ13C values due to varying 

isotopic fractionation. Whilst adding more sources into mixing models to determine the 

percentage of allochthonous sediment organic carbon seems to better mimic complex real 

situations, adding more sources also increases internal errors and uncertainty (Fry, 2013). 
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Often the stable isotope mixing models applied in mixed species meadows pool the isotopic 

values of multiple species or utilise only the most dominant species (Kennedy et al., 2004; 

Wahyudi and Afdal, 2019). Therefore, when selecting proxies, and especially for for mixed 

species meadows, an additional selection criterion would be to assess the stable isotope 

mixing model decision process for that literature-based value (e.g., what seagrass species are 

utilised and/or pooled to represent the seagrass source) to ensure any percentage value of 

allochthonous carbon from these meadows remains representative for the project context. An 

assessment of the stable isotope mixing model decision process for a literature-based value 

would complement the informed criterion this meta-analysis provides for the selection of ŭ13C 

values according to influencing seagrass traits, biogeography and geomorphological factors.   

4.4.4 Within plant ŭ13C variation 

This meta-analysis focuses on seagrass leaf and sediment ŭ13C values, but isotopic difference 

occurs between pant tissues (e.g., leaves and roots) and plant compounds (e.g., lignin and 

cellulose) (Hobbie and Werner, 2003). As such it has been suggested post-photosynthetic 

discriminations occur, leading to isotopic difference between autotrophic and heterotrophic 

tissues/organs within the same plant. Further research is needed to fully understand the 

processes leading to post-photosynthetic discriminations such as root respiration; differences 

in root fractionation processes in different substrates or in differing pH availability. 

(Ghashghaie and Badeck, 2013). Seagrass leaf and root ŭ13C values have been shown to 

differ with root tissues more 13C-depleted (Cooper, 1989). However, this is not always the 

case, as P. oceanica roots and shoots have shown similar isotopic ratios at impacted sites 

versus 13C-depleted roots at pristine sites (Holmer et al., 2004), suggesting the processes 

determining isotope discrimination and fractionation between plant organs is not a rigid 

process. This adds further complexity and variation into the utilisation and interpretation of 

ŭ13C values. There may be instances where the utilisation of root ŭ13C values is integral such 

as in large seagrasses with high below-ground mass allocation, as the organic carbon deriving 

from this seagrass tissue may be more predominantly retained within the sediment. However, 

large seagrass species do not always have 13C-depleted roots (Holmer et al., 2004), so this 

should not be assumed. Mixed meadows with increased above ground complexity are also 

likely to have increased root system complexity below ground (Rattanachot and Prathep, 

2015), as such this suggests multiple leaf and root seagrass derived sources could be 

considered. Utilising root ŭ13C values into mixing models to calculate percentage of 

allochthonous sediment organic carbon proxies nonetheless remains important in order to 

reflect a seagrass-derived ŭ13C, that considers multiple tissues, especially if some tissues 

(e.g., roots and rhizome) are more likely to become buried within the sediment. The uncertainty 

regarding the processes that determine post-photosynthetic discriminations are greater than 
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what is currently understood for photosynthetic discriminations. Therefore, the focus on 

seagrass leaf ŭ13C values provides a better context to discuss the global pattern in seagrass 

ŭ13C values. Especially as our meta-analysis on seagrass leaf and sediment ŭ13C values 

adequately highlights the variation and caution that should be taken when utilising percentage 

of allochthonous sediment organic carbon proxies and their derivative ŭ13C values, in the 

context of blue carbon accreditation. 

4.4.5 Influence of geomorphology on isotopic fractionation 

There is distinct separation within the dataset based on the geomorphology of the seagrass 

sites, mainly separated into delta, tidal, and collectively lagoons, arheic and fjord coastlines, 

which suggests connectivity to the sea is driving the differences. Deltas and tidal systems are 

well connected to the sea, whether that be fully tidally influenced as in tidal systems or the 

recipient of sediment supplied by tides or waves as typical in a delta (Schwartz 2005; Dürr et 

al., 2011). In comparison lagoons, fjords and arheic coastlines are influenced by some form 

of separation from external water inputs, coastal lagoons being separated from the open 

ocean by a physical barrier, fjords being separated from the sea by a sill or rise at their mouth, 

and the arheic coasts of arid regions are characterised by a near-total absence of water inputs. 

Delta and tidal systems will therefore receive inputs of inorganic carbon from the coastal 

waters connected to it and/or terrestrial inorganic carbon upstream. The ŭ13C values of 

seagrass is related to the isotopic composition of the inorganic carbon source in the 

environment, such that seagrass tissues may subsequently reflect 13C depleted carbon values 

of the inorganic sources, for example seagrass leaves grown near to mangroves -12.8 ± 1.1% 

versus those far from mangroves -8.3 ± 0.9% (Lin et al., 1991). This is due to input of 13C 

depleted inorganic carbon derived from the decomposition of terrestrial and mangrove organic 

matter, supplied to these seagrass meadows (Lin et al., 1991; Hemminga and Mateo, 1996). 

In comparison, within the surface layer of the oceans, the dissolved inorganic ŭ13C values can 

near zero, such as the 1.5 - 2ă values recorded in the Pacific Ocean (Quay and Stutsman, 

2003). Therefore, the input and sources of inorganic carbon (e.g., coastal, terrestrial, or 

oceanic) to deltas and tidal systems influences the inorganic carbon pool. This inorganic 

carbon pool is available for photosynthesis by the seagrass and as such influences the isotopic 

value of the seagrass leaves prior to further 13C fractionation by seagrass photosynthesis. 

Because lagoons, fjords and arheic coastlines are subject to less water inputs the inorganic 

carbon pool will be dependent on those sources in their direct locality and may have a higher 

potential for recycling in a decomposition loop leading to distinct fractionation values. 

Therefore, it stands to reasons that the geomorphology of an environment would influence the 

supply and sources of inorganic carbon, its subsequent retention and remineralisation leading 

to variation in the isotopic values of the seagrass tissues prior to further 13C fractionation by 
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seagrass photosynthesis. This study did not identify which inorganic carbon sources are of 

greater importance to seagrass meadows based on their geomorphology but indicate that the 

geomorphology of the seagrass sites may influence the isotopic signature of the seagrass 

leaves prior to further 13C fractionation by seagrass photosynthesis.  

The geomorphological features of coastlines (e.g., tidal, lagoon) impact the terrestrial-marine 

import and export of carbon, and therefore the supply and/or source of allochthonous organic 

carbon directly deposited in the sediment. These differences in the supply and/or source of 

allochthonous carbon to sediment change the ŭ13C value of the sediment. Allochthonous 

sediment organic carbon ratios are typically calculated via mixing models including the 

potential allochthonous, seagrass and sediment ŭ13C values. The use of mixing models has 

its own limitations e.g., the similarity of source and mixture isotopic values (Phillips and Gregg, 

2003); need to characterise the ŭ13C of all potential sources or those that are more likely within 

each habitat tested (Parnell et al., 2010). Therefore, a literature derived percentage of 

allochthonous sediment organic carbon proxy is an amalgamation of not only potential 

allochthonous, seagrass and sediment ŭ13C values, but the decision process and 

mathematical solution, the selected mixing model intended for use in that context. As stated 

prior in this meta-analysis this study did not try to determine specific allochthonous sources, 

nor to test or critique the various mixing models which can be applied, but further highlights 

that an allochthonous sediment organic carbon proxy is exactly that, a mathematical proxy to 

a complex process. Given this dataset is derived from the existing literature variation within 

the dataset could also be due to numerous factors including, that the measurements were 

taken by different laboratories across the globe, in different years, at different times of the year 

and may have followed slightly different protocols. Some of this variability is therefore a caveat 

of handling a globally derived dataset from the literature. In addition, diagenetic processes 

downcore can alter ŭ13C signatures post-burial and can be observed within the first 5 ï 10 

years (Gälman et al., 2009), which adds complexity to using percentage of allochthonous 

sediment organic carbon and their derivative ŭ13C values as a proxy of carbon provenance in 

sediments. Thereby proxies in blue carbon accreditation need to consider how the derivative 

ŭ13C values influence and contribute to the calculated percentage of allochthonous sediment 

organic carbon and whether the variation or uncertainty in that value is appropriate for its use, 

in terms of reflecting a different site. Recently the use of eDNA and lipids isotope values have 

displayed the potential to alleviate some of the uncertainties associated with stable isotope 

analysis, but these techniques need further validation and wider employment as tools of 

seagrass carbon provenance (Reef et al., 2017; Geraldi et al. 2019; Arina et al., 2023). 
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4.5 Conclusion 

Proxy values from the literature are not a direct substitute for site specific ŭ13C seagrass leaf 

and sediment data, and their use in context dependent mixing models. Nonetheless given 

isotopic mass spectrometry analysis can be expensive to undertake, peer-reviewed published 

data as proxies can be useful and potentially an economic necessity. The investment into such 

analyses and filling the carbon knowledge gaps to achieve accreditation often outweigh the 

future return from accreditation for seagrass restoration projects. In fact, full GHG inventory 

accounting of a temperate Zostera marina seagrass meadow in the USA demonstrated that 

financial investment through carbon accreditation would have only recovered 10% of the 

restoration costs (Oreska et al., 2020). However, caution should be taken if proxies are used 

for blue carbon accreditation, because there is the potential for carbon offsets to be sold for a 

project with an overestimated capacity to remove GHG versus its true-realised capacity. This 

study demonstrates that climatic setting, according to known seagrass bioregions (Short et 

al., 2007), geomorphology (e.g., estuarine, lagoon) or the subsequent ótypicalô seagrass 

communities and traits (i.e., size), can improve the selection of allochthonous sediment 

organic carbon proxies based on their derivative sediment and seagrass ŭ13C values. The 

informed criterion presented here provides an allochthonous proxy selection process that can 

be used in places with no direct measurements of carbon provenance and that must currently 

rely on literature values, such as the UK.  Ultimately proxies are a current necessity for blue 

carbon accreditation, and as such this paper presents an informed criterion to improve the 

selection of allochthonous sediment organic carbon proxies based on their derivative sediment 

and seagrass ŭ13C values. It is therefore strongly recommended that seagrass morphology 

and biogeographic context are incorporated into future revisions of carbon credit 

methodologies as factors that can improve allochthonous carbon proxy selection. 

 

 

 

 

 

 

 

 



98 
 

5 Carbon provenance within intertidal temperate seagrass sediment and its 

implication for carbon accreditation 

5.1 Introduction 

The concept of blue carbon accreditation, namely payment for climate mitigation services, is 

attractive to many, because it appears to be a plausible mechanism to increase financial 

investment into blue carbon habitat protection and restoration. The financial investment 

associated with carbon accreditation typically excludes investment in the areas of research 

and development, with the rationale that these may not result in verifiable emission reductions 

(Thomas, 2014). Therefore, carbon accredited finance specifically refers to financial 

investment into projects which demonstrate a quantifiable reduction in carbon emissions, 

within the context discussed here this refers to seagrass habitat protection or restoration. 

Methodological frameworks for carbon accounting exist for seagrass restoration including the 

Verified Carbon Standardôs (VCS) óMethodology for Tidal Wetland and Seagrass Restoration 

VM0033ô (Emmer et al. 2015).  Unlike other habitats, VCS standards stipulate that seagrass 

projects demonstrate empirical evidence of carbon provenance (Shilland et al., 2021). This is 

due to seagrasses capacity to capture carbon which originates from outside the seagrass 

ecosystem, termed allochthonous carbon. In its simplest iteration this means distinguishing 

seagrass-derived carbon from allochthonous carbon, though others have demonstrated 

additional organic carbon derived from other in situ primary producers (e.g., 

microphytobenthos derived organic carbon) (Oreska et al., 2018). Ultimately, additional data 

and knowledge requirements regarding carbon provenance are necessary for carbon 

accredited finance of seagrass restoration projects versus other coastal habitats (Shilland et 

al., 2021).  

The VCS VM0033 carbon accreditation methodology allows the use of peer-reviewed 

published data as evidence to generate a value of the percentage of allochthonous sediment 

organic carbon to be deducted for carbon accounting (Emmer et al., 2015). Whilst the use of 

peer-reviewed literature values is allowed, it has been highlighted that caution should be taken 

if proxies are used for blue carbon accreditation, since there is the potential for carbon offsets 

to be sold for a project with an overestimated capacity to remove GHG versus its true-realised 

capacity (Ward in prep; Chapter 4). Further to this, proxy values from the literature are not a 

true substitute for direct local data and their interpretation in a situational context (e.g., locally 

relevant allochthonous carbon sources). In areas with limited knowledge of carbon 

provenance within seagrass sediments, and localised factors that may influence this (e.g., 

geomorphology), the use of proxies may also lead to errors in the calculation of carbon credits. 

In which case the ideal route would be to undertake an assessment of carbon provenance on 
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existing meadows near to the project area. Preliminary assessments of carbon provenance 

also provide insight as to whether carbon accredited finance represents a cost-effective 

finance strategy for restoration in that locality. Ultimately the selection of appropriate literature-

based allochthonous carbon deductions and/or the implementation of local carbon 

provenance assessments increases the technical barriers which must be overcome to 

evaluate the potential of seagrass accreditation (Shilland et al., 2021). 

To date, isotopic analysis (e.g., ŭ13C and ŭ15N) of bulk tissue stands as the most well tested 

and cheapest technique for determining carbon provenance, in comparison to alternative 

techniques such as environmental DNA and compound-specific isotope analysis (Geraldi et 

al., 2019). For these reasons bulk isotope analysis remains the most widely utilised technique 

for the determination of sediment carbon provenance. However, inferences about the 

contribution of sources to a mixture from bulk isotope analyses can be strengthened through 

the inclusion of subsidiary data from other sources of evidence. This is commonplace in other 

stable isotope applications such as paleodiet reconstructions wherein archaeological, 

historical, and ethnographic data can be used to inform dietary sources, and ecological studies 

of food-web structure wherein stomach-content analysis, feeding observations, or faecal 

analysis can also inform the selection of sources (Cheung and Szpak, 2022; Layman et al., 

2012). In the context of sedimentary carbon provenance, microfossils such as benthic 

foraminifera within estuarine sediments, can be utilised to reconstruct sediment records and 

indicate environmental changes in salinity which provide an indication of the dominant organic 

inputs (e.g., freshwater, or marine) (Chen et al., 2019). Similarly pollen analysis in estuarine 

sediments can give an indication of historical vegetation cover, or adjacent vegetation 

dependent on the pollen dispersal type (e.g., air dispersal of pollen from surrounding 

vegetation) (Freund et al., 2004; Engelhart et al., 2007). Further to this, elemental analysis of 

carbon and nitrogen and the subsequent ratio of the elements (Corg/N) provides additional 

information on the sources of organic matter.  Bacteria and marine algae have C/N ratios (<10) 

which are distinct from terrestrial vegetation (>12) (Lamb et al., 2006), high terrestrial C/N 

ratios form due the increased proportion of C-rich structural compounds (e.g., cellulose) found 

within terrestrial vegetation (McGroddy et al., 2004). Although it is important to note that lignin 

is found in seagrass, where it appears to protect the lacunal system from water pressure (Klap 

et al., 2000), as such seagrass lignin can contribute to organic carbon found within seagrass 

sediments (Nakakuni et al., 2021). Multi-proxy approaches can support inferences made 

about bulk isotope analysis, and in the case of C/N ratios are an ideal supplementary tool 

given elemental analysis of carbon and nitrogen are usually completed alongside bulk isotope 

analysis (Lamb et al., 2006).  
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Photosynthetic growth is determined by concentrations of dissolved nutrients (including 

carbon and nitrogen). During the assimilation of Dissolved Inorganic Carbon (DIC) and 

Dissolved Inorganic Nitrogen (DIN) for photosynthetic growth, high availability of these 

nutrients relative to biological demand can lead to discrimination between the lighter and 

heavier isotopes causing isotopic fractionation. When isotopic fractionation occurs, plants 

become depleted in the heavier of their stable isotopes (e.g., 13C and 15N). If the isotopic 

values of organic sources are distinct from each other, their relative contribution to unknown 

mixtures can generally be resolved with stable isotope mixing models (SIMMs). However, 

increasing the number of potential sources, having high variability in source isotopic values, 

and overlapping source isotopic values, can increase uncertainty and lower the diagnostic 

power of SIMMs (Davis et al., 2015). As such the successful application of SIMMS for 

resolving carbon provenance in sediments depends on the system in question and is most 

appropriate in isotopically well-constrained systems. In some cases, bulk isotope analysis 

cannot distinguish the contributions of different primary producers (Geraldi et al., 2019). In 

addition to this, bulk tissue stable isotope analysis does not allow the discernment of sources 

to finer taxonomic ranks (e.g., species-level) as noted for eDNA (Reef et al., 2017; Graves et 

al., 2022). However, the application of allochthonous deductions within the VCS blue carbon 

accreditation methodology are primarily to distinguish seagrass-derived carbon from 

allochthonous carbon and therefore source contribution to species level is not necessarily 

needed. Therefore, if the seagrass isotopic values and other organic sources are well-

constrained, stable isotope analysis and the application of SIMMs remain a valuable tool for 

resolving the relative contribution of seagrass-derived carbon versus allochthonous organic 

carbon within seagrass sediment.  

The aims of this study were, to determine the ŭ13C values of the temperate intertidal Z. marina 

and N. noltii above and below ground tissues, (2) to compare these seagrass ŭ13C values with 

the seagrassesô sediment organic carbon ŭ13C values, (3) assess the carbon provenance of 

the organic carbon within these seagrass sediments with a multi proxy approach utilising 

Corg/N ratio and isotope analysis (4) apply SIMMs to estimate the relative contribution of each 

organic carbon source to the temperate seagrass sediments. Finally, the implications of our 

results are discussed in the context of carbon focused accreditation and the potential financial 

investment available for restoration of similar temperate intertidal seagrass beds. 
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5.2 Methods 

This study was conducted at two intertidal seagrass meadows within the Solent, South of 

England:  Ryde, an open coastal sandy seagrass site on the Isle of Wight and Farlington 

Marshes, a muddy seagrass site located within Langstone Harbour a tidal inlet. The locations 

were chosen for this study focusing on carbon provenance in seagrass sediment as sediment 

core collection was already planned at these sites for summer 2022 as part of research 

conducted by Ward (in prep; Chapter 2 and 3).  

5.2.1 Sample collection 

All sediment sampling occurred in summer 2022 (July - August) within the two seagrass 

meadows at Farlington Marshes and Ryde, following the sediment sampling protocol 

described in Ward (in prep; Chapter 2, pg 25-26). From the three 30 cm seagrass sediment 

cores collected at each site, only the sediment from 0 - 5 cm below the sediment surface were 

utilised in this study. Each of the 0 ï 5 cm core sections had been split into sub samples 

following 1 cm intervals.  

Higher seagrass leaf ŭ13C enrichment is witnessed in spring and leaf ŭ13C depletion in the 

summer (Papadimitriou et al., 2006), therefore collecting seagrass tissue outside these two 

extremes provide samples which have ŭ13C values more representative of the average annual 

ŭ13C seagrass value. Furthermore, the seasonal senescence of seagrass leaves documented 

at these sites (Ward in prep; Chapter 3), suggests the main deposition period for seagrass 

detritus occurs in Autumn. Therefore, vegetative samples of both seagrass species were 

collected alongside other primary producers found adjacent to the seagrass meadows at Ryde 

and Farlington Marshes on the 11th and 14th October 2022. All samples were stored at the 

Institute of Marine Science, frozen at -20 °C.  

5.2.2 Elemental and isotopic analysis 

The sediment samples were left to defrost overnight and then dried in an oven at 40 °C for at 

least 96 hours. Macroscopic items such as roots, rhizomes and large shell fragments were 

removed from sediment samples to isolate the sedimentary carbon (Oreska et al., 2018). The 

samples were homogenised, initially by pestle and mortar, then milled using a Fritsch 

Pulverisette 7 ball mill (Fritsch International), spun at 700 rpm for up to 7 minutes. 

Approximately 10 ml of 5% HCl was added to 1 g of each sediment sample, agitated then 

incubated overnight. The addition of acid causes bicarbonate and carbonate ions to be 

converted to carbon dioxide (inorganic carbon) leaving the organic carbon present within the 

sediment sample. Subsequently, samples were centrifuged, supernatant removed, and water 
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added. This washing step was repeated until the sample reached a neutralised pH. The 

sediment samples were then dried in an oven at 40 °C for at least 24 hours and ground by 

pestle and mortar.  

The seagrass shoots were separated into the above ground tissue (leaves) and below ground 

tissue (rhizome and roots). Seagrass leaves were gently scraped to remove any epiphytic 

material. At Farlington Marshes the seagrass epiphytic material was negligible, but at Ryde 

the Z. marina leaves had sufficient epiphytic material that was removed and retained to be 

considered as another organic carbon source. All vegetative samples (seagrass and other 

primary producers) were acid washed in 5% HCl to remove carbonates and rinsed in deionised 

H2O prior to lyophilisatin and homogenisation using a mortar, pestle and liquid nitrogen to 

produce a fine powder.  

Each homogenised sample was weighed directly into tin capsules using a microbalance with 

their weight recorded to the 0.001 mg level. Elemental analysis completed on the sediment 

samples prior to this research (Chapter 2 & 3) allowed us to estimate the relative proportions 

of organic present in both sediment types and optimise the machine setup to account for the 

different organic carbon concentrations found in the sandy and silty sediment. Therefore, the 

quantity of sample weighed out was relative to each material type (e.g., sandy sediment, 

muddy sediment, vegetative) to ensure each sample contained approximately 500 µg of 

organic carbon and 100 µg of nitrogen. Across the runs 10% of the samples were analysed in 

duplicate. Vegetative samples were all acid washed and these were utilised for ŭ13C and ŭ15N 

determination. Whilst acidified sediments were used for ŭ13C determination and non-acidified 

sediments were used for ŭ15N determination. Analysis was completed on an Elementar vario 

ISOTOPE cube elemental analyser coupled to an isoprime precisION isotope ratio mass 

spectrometer with an onboard centrION continuous flow interface system at the Isotope 

Geosciences Laboratory, British Geological Survey, UK. Carbon isotope ratios were corrected 

for 17O interference & linearity effects, then normalised to Vienna Pee Dee Belemnite (VPDB) 

using USGS61 (ī35.05 ă), USGS62 (ī14.79 ă), and USGS63 (ī1.17 ă). Normalisation and 

linearity were checked using well characterised internal laboratory standard BROC3 (ī27.6 

ă). Nitrogen isotope ratios were normalised to atmospheric nitrogen (AIR) using USGS61 

(ī2.87 ă), USGS62 (+20.17 ă), and USGS63 (+37.83 ă). Carbon isotope data are reported 

in delta (ŭ) notation in per mille (ă) relative to the VPDB international reference scale and for 

N measurements the standard is AIR.  

The stable isotopic composition is reported as ŭ values: 

ŭsample = 1000 [(Rsample/ Rstandard) ī 1], 
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where R = 13C/12C for ŭ13C, and R = 15N/14N for ŭ15N values. Internal laboratory standard 

BROC3 (41.25 %C and 4.85 %N) was used to calculate the elemental content of samples and 

C/N is reported as the mass ratio. Given the low %N in the sandy sediment samples 

(Supp. 7, Fig. 1), there was insufficient material to analyse ŭ15N accurately, as the low 

prevalence means even the slightest heterogeneity in the sample could lead to 

misinterpretation of the values. Therefore, both the sandy sediment (Ryde) and vegetative 

samples from this site were only analysed for ŭ13C by isotope ratio mass spectrometry. 

5.2.3 Data analysis  

Seagrass ŭ13C values and C/N ratios according to species and tissue type  

Initially the seagrass ŭ13C and C/N data was grouped by site (FM or RY), seagrass species 

(Z. marina or N. noltii) and seagrass tissue type (Above ground and below ground). Shapiro-

Wilk test was used to test the normality of the data. To determine if there was a significant 

difference between the seagrass speciesô tissue type ŭ13C values, the sites were assessed 

separately. Where a site's ŭ13C data conformed to normality a t-test was applied. Where a 

siteôs ŭ13C data did not conform to normality a Wilcoxon test was applied. Thereafter, the 

seagrass ŭ13C data was grouped only by site (FM or RY) and seagrass tissue type (Above 

ground and below ground). Shapiro-Wilk tests confirmed that the data conforms to normal 

distribution when grouped by site and tissue type. Therefore, ANOVAs were used to assess if 

there was a significant difference in ŭ13C dependent on the factors site and tissue type, as well 

as any interaction between the factors.  Linear models were used to determine the statistical 

significance of seagrass species (Z. marina or N. noltii), seagrass tissue type (Above ground 

and below ground) and site location (FM or RY), on seagrass tissue C/N. Therefore, seagrass 

species, seagrass tissue type and site location were considered as fixed factors, including any 

interaction between them.  

Sediment organic carbon content ŭ13C downcore profiles 

The sediment ŭ13C value was averaged across the five sediment depth subsamples collected 

from 3 cores of each site (n = 15) to produce the average sediment ŭ13C value at each site. 

Shapiro-Wilk test confirmed that the data conforms to the normal distribution when grouped 

by site. Therefore, a t-test was used to assess if there was a significant difference between 

sites. 

Presence and provenance of allochthonous organic carbon 


































































































































































































































































