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C      Carbon 
CaCO3    Calcium carbonate 
Ccarb (or Ci)  Inorganic carbon 
Corg     Organic carbon 
CO2     Carbon dioxide 
14C     Radioactive carbon isotope 
GCP     Gross Community Production 
HCl     Hydrochloric acid 
IRGA    Infrared Gas Analyzer 
LDM    Laser diffraction method 
LOI     Loss On Ignition 
N      Nitrogen 
NCP     Net Community Production 
NT     Total nitrogen 
PAM    Pulse Amplitude Modulated 
Pg     Petagram (1015 g) 
R      Respiration 
THAA    Total Hydrolysable Amino Acid 
210Pb    Radioisotope of lead 
WIO    Western Indian Ocean 
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Introduction 

The field of blue carbon research 
 
The ongoing climate change with increasing concentrations of greenhouse 
gases in the atmosphere has spurred an interest in mitigation efforts where 
natural carbon sinks play a significant role in buffering against a global warm-
ing (Sabine et al., 2004; Canadell & Raupach, 2008). Coastal vegetated habi-
tats has been found to be highly efficient blue carbon sinks, storing substantial 
amounts of carbon (Mcleod et al., 2011). The term “blue carbon” was coined 
almost a decade ago in a report by Nellemann et al., (2009) to differentiate 
between carbon storage in terrestrial environments, such as forests and peat 
lands, to those of the marine habitats. Since then the research effort on blue 
carbon sinks has increased substantially (Johannessen & Macdonald, 2016) 
and most studies have focused on carbon burial in the highly productive 
coastal marine environment (i.e. salt marshes, mangrove forests and seagrass 
meadows). The sediment in these habitats cannot be carbon saturated (Mcleod 
et al., 2011; Howard et al., 2017a), due to vertical accretion (either through 
surface or subsurface processes; McKee et al., 2007) and could therefore in 
theory continue to store carbon indefinitely. Other marine environments (e.g. 
deep sea, kelp forests and coral reefs) have been deemed less efficient 
(Nellemann et al., 2009) or not considered long-term carbon sinks (Howard et 
al., 2017a). Lately, however, there have been an interest in macroalgae as po-
tential contributors to blue carbon burial (Hill et al., 2015; Trevathan-Tackett 
et al., 2015) but the evidence is so far inconclusive. Therefore, with the current 
knowledge on blue carbon sinks many argue that the most cost-effective is to 
focus the protection and management efforts on the coastal wetlands (Duarte 
et al., 2013a, Howard et al., 2017a).  
 

Seagrass biology  
 
Seagrasses are ubiquitous marine angiosperms that grows on soft (muddy to 
sandy) sediment bottoms in the littoral zone of the world’s coastlines (Green 
& Short, 2003), where they form meadows of various size (Duarte & Sand-
Jensen, 1990), ranging from small patches up to kilometers. The meadows 
could be either monospecific or mixed with several co-existing species. The 
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highest diversity, with up to 12 species living in a limited, relatively small 
area, is found in the tropics (Duarte et al., 2008) with diversity hotspots in 
Southeast Asia, East Africa and Australia (Gullström et al., 2002; Short et al., 
2007). Seagrass meadows function as feeding areas, shelter and nursery cham-
bers for a great variety of species (Beck et al., 2001), including several com-
mercially important fish species as well as benthic invertebrates and epiphytes 
utilizing the seagrass leaves as substrate (Borowitzka et al., 2006; Gillanders, 
2006). In contrary to many other marine macrophytes (i.e. macroalgae), 
seagrasses have a large non-photosynthetic biomass (i.e. the root-rhizome sys-
tem), which is, to cite Hemminga (1998), both “an asset and a burden”. It is 
an “asset” in terms of carbon sequestration as the belowground biomass is 
mainly the part of the plant that is accumulated in the sediment and contributes 
to the long-term storage (Duarte et al., 1998; Trevathan-Tackett et al., 2017). 
The root-rhizome system, however, negatively affects the carbon budget of 
the plant as it needs to be oxygenized to maintain an aerobic metabolism, and 
therefore seagrasses transport oxygen from the leaves (produced through pho-
tosynthesis), or by diffusion into the plant (Borum et al., 2006), to the below-
ground organs. This “burden” of the root-rhizome system, together with less 
efficient carbon utilization in the photosynthetic process of seagrasses com-
pared to macroalgae (Beer & Rehnberg, 1997; Invers et al., 1997), explains 
why seagrasses require a higher irradiance than macroalgae (Duarte, 1991; 
Zimmerman, 2006). This oxygen transport also creates a microfilm of oxygen 
in the rhizosphere and thereby oxygenating the surrounding sediment 
(Eldridge & Morse, 2000). If the photosynthesis is insufficient to maintain 
oxygen transport or the decomposition rate of organic matter is too high, this 
can cause anoxic sediment conditions and the accumulation of phytotoxic sul-
fide compounds leading to seagrass mortality (Hemminga, 1998; Terrados et 
al., 1999).  
 

The loss of seagrass areas 
 
Seagrass areas are in decline worldwide and over the last decades we have 
witnessed an accelerated loss (Waycott et al., 2009). It has been estimated that 
29% of all seagrass areas has disappeared since late 19th century (Waycott et 
al., 2009) and the current loss rate is around 1.5% yr-1 (ranging from 0.4 to 
2.6% yr-1; Pendleton et al., 2012). This number is likely to increase in the 
future as the exploitation of coastal areas is increasing (Rabalais et al., 2009). 
The degradation of seagrass areas has subsequently resulted in an annual re-
lease of 0.15 Pg CO2 (1 Pg = 1 billion metric tons) back to the atmosphere 
(Pendleton et al., 2012) as well as a decline in carbon sequestration potential 
as these areas no longer function as a carbon sink (Pidgeon, 2009; Waycott et 
al., 2009). Seagrass ecosystems are experiencing many different anthropo-
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genic impacts, where the main global threats include eutrophication, sedimen-
tation (Waycott et al., 2009) and overfishing (Jackson et al., 2001). The cause 
of seagrass decline is usually due to multiple factors (Orth et al., 2006) and 
the impact from one stressor can lower the resilience to other disturbances 
(Eklöf et al., 2009). Climate change is also an emerging threat when viewed 
as a catalyst for already acute impacts, which might result in increased loss of 
seagrasses (Rasheed & Unsworth, 2011; Jordà et al., 2012) as sea level, tem-
perature, storms and land runoff are expected to increase in the future (Church 
et al., 2013; Collins et al., 2013; Von Storch, 2013). 

 

Carbon sequestration in seagrass meadows 
 
Seagrass ecosystems can store a substantial amount of carbon in the biomass 
and sediment (Duarte et al., 2010; Kennedy et al., 2010; Mcleod et al., 2011; 
Fourqurean et al., 2012) and are considered a globally important natural car-
bon sink for long-term storage of atmospherically derived CO2 (Nellemann et 
al., 2009), contributing to the mitigation of global warming (Duarte et al.,  
2013b). Seagrasses capture CO2 through photosynthesis and store carbon in 
the plant biomass (short-term storage) and in the sediment (potentially long-
term storage). This process, which is known as carbon sequestration, can to 
some extent be attributed to all primary producing organisms but in order to 
have an impact on global warming the ecosystem needs to have a high carbon 
storage efficiency (a net accumulation of carbon) and be able to store carbon 
for decades at minimum (Belshe et al., 2017). Seagrass meadows, as well as 
mangrove forests and salt marshes, have higher carbon storage efficiency than 
terrestrial environments (Mcleod et al., 2011), which has been linked to the 
(1) high productivity of the coastal environment (due to high sunlight and nu-
trient fluxes), (2) large inflow of carbon from surrounding habitats, and (3) 
low degradation of organic matter in the sediment (Duarte, et al., 2013b).  
 
Most seagrass ecosystems tend to be autotrophic with a gross community pro-
duction (GCP) exceeding the respiration (R) (Duarte et al., 2010), and hence 
has the potential to act as a CO2 sink (Tokoro et al., 2014). The seagrass plants 
are, however, not the only organisms contributing to the meadows’ production 
and to the sedimentary carbon storage. Macroalgae are generally considered 
highly important for the primary production of seagrass beds (Hemminga & 
Duarte, 2000), which also includes calcareous algae that contribute to the sed-
imentary carbon content in the form of calcium carbonate (CaCO3) (Franko-
vich & Zieman 1994, Perry & Beavington-Penney 2005). Besides the 
meadow’s production, about half of the carbon stored in seagrass meadows is 
allochthonous, where important carbon sources are of terrestrial, mangrove 
and pelagic origin (Kennedy et al., 2010).  
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However, the amount of carbon that is stored depends on the fate of the bio-
mass produced or trapped, as large part of the organic matter in the meadow 
could be removed from the system, either through export, consumption by 
grazing organisms or decomposition and remineralization (Duarte & Cebrián 
1996; Fig. 1). The exported organic matter from the seagrass meadows can, 
however, contribute to the carbon storage in adjacent sediment or the deep sea 
(Duarte & Krause-Jensen, 2017). The main pathway for the seagrass meadow 
biomass is decomposition, i.e. the process of organic carbon remineralization 
through microbial metabolism, which constitutes around 50% of the removal 
of organic carbon from a meadow (Duarte & Cebrián, 1996). This is, however, 
an average estimate and the variability among seagrass meadows ranges with 
more than two orders of magnitude (Cebrian, 2002). The rate of decomposi-
tion is influenced by the composition of the microbial and macrofaunal com-
munity, and quality of the organic matter as well as several environmental 
factors, where sediment oxygen conditions, amount of organic matter and tem-
perature are known to be of high importance for the degradation process 
(Harrison 1989; Fig.1). Aerobic degradation usually only takes place in the 
uppermost sediment layer, which has a higher remineralization rate than the 
hypoxic-anaerobic environment (Benner et al., 1984). In an anaerobic envi-
ronment, both sulfate-reduction and methanogens occur (Holmer & 
Kristensen, 1994), and produces phytotoxic sulfide compounds as well as re-
leases the potent greenhouse gas methane (CH4). The oxygen levels is influ-
enced by seagrass meadow production (where the root-rhizome system oxy-
genate the sediment), bioturbation and redox oscillation, sediment properties 
(affecting the sediment porosity and compactness), hydrodynamics and land-
scape configuration (influencing sedimentation rates). The low nutrient values 
and high lignin content in seagrass biomass has also been linked to the slow 
degradation (Klap et al., 2000; Trevathan-Tackett, 2016) and is part of the 
explanation to the variability in decomposition rates among species (Harrison, 
1989).  
 
The remaining organic carbon (after export, grazing and/or decomposition) 
has the potential to be stored for long time in the sediment as recalcitrance 
compounds (which is sometimes also referred to as refractory or stable car-
bon). In seagrass meadows, most of the carbon is stored in the sediment 
(Fourqurean et al., 2012) where it can, in some areas, remain for thousands of 
years (Mateo et al., 1997; Rozaimi et al., 2016). The turnover rate of carbon 
and the definition of recalcitrance carbon can be viewed both as a material 
property, where some forms of organic matter have an intrinsic protection 
against remineralization, or that it is the physical environment, disregarding 
the chemical structure of the organic matter, which prevents degradation 
(Kleber, 2010). The former is the traditional view of sediment organic matter 
stabilization, whereas the later has in recent years emerged as a new approach 
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in understanding degradation rates (Lehmann & Kleber, 2015). For the under-
standing of carbon storage dynamics both these approaches are useful as 
seagrass plant traits as well as the environment are of importance.  
 

Figure 1. Schematic illustration of the process of carbon sequestration and 
factors influencing the process. Images are from Ian Image library 
(www.ian.umces.edu).  

 

Variability in seagrass carbon storage 
 

Natural variability  
 
In recent years, there have been several studies on carbon storage variability, 
which questions the notion that seagrasses on a general basis have a high car-
bon storage capacity (e.g. Lavery et al., 2013, Miyajima et al., 2017). Re-
cently, one of the leading seagrass scientists stated that we must re-evaluate 
the carbon storage capacity of seagrass beds when he wrote on twitter (on the 
20th of March 2017) that “as more dats [sic] accumulates it is evidnet [sic] 
that early estimates if [sic] global seagrass C stocks were overestimated by 
bias to Med data” – Carlos M. Duarte. The Mediterranean data that he is 
referring to is the Posidonia oceanica meadows that form extensive carbon-
rich root mattes that contain millennial old organic matter deposits (Mateo et 



 12 

al., 1997), which exceeds, both in terms of age and quantity, most of the other 
seagrass meadows of the world. Many of the early studies on global seagrass 
carbon stocks are based on data from relatively few, spatially limited meas-
urements, which were biased toward P. oceanica meadows of the Mediterra-
nean and therefore led to an overestimation on carbon stocks (Johannessen & 
Macdonald, 2016). The variability in carbon storage has been attributed to 
both environmental and seagrass plant-related factors (Fig. 2). Many studies 
have explored the dynamics of seagrass carbon storage and show that a wide 
range of factors may influence the carbon burial, e.g. water depth (Lavery et 
al., 2013; Serrano et al., 2014), hydrodynamic conditions (Samper-Villarreal 
et al., 2016), landscape configuration (Ricart et al., 2017), meadow patch size 
(Ricart et al., 2015; Oreska et al., 2017), carbon quality (Trevathan-tackett, 
2016), seagrass structural complexity (Jankowska et al., 2016, Serrano et al., 
2016a), plant size and composition (Gillis et al., 2017), and sediment charac-
teristics (Röhr et al., 2016; Miyajima et al., 2017). It is thus obvious that car-
bon burial is a complex process and that factors explaining sediment carbon 
stabilization are likely not universal and may vary between species and loca-
tions.   
 

Human-induced variability 
 
Besides the natural variability, anthropogenic disturbances, such as eutrophi-
cation and sedimentation, can also influence the carbon sink capacity (Fig. 2) 
by causing seagrass decline and disrupting the carbon sequestration process 
(Apostolaki et al., 2011; Schmidt et al., 2012; Ribaudo et al., 2016). Increase 
in nutrient load can, however, also promote carbon storage by supporting 
higher productivity and biomass growth in nutrient limited areas (Armitage & 
Fourqurean, 2015). Human exploitation have increased the sediment load in 
coastal areas (Serrano et al., 2016b), leading to sedimentation of fine-sized 
particles (Mazarrasa et al., 2017a) and by that increased carbon content 
(Mazarrasa et al., 2017b) as the geophysical structure of smaller sediment par-
ticles has a high affinity for organic matter aggregation (Mayer, 1994). How-
ever, if the disturbance is severe enough to cause a loss of seagrass, this can 
trigger erosion of the sediment (Serrano et al., 2016c) and a loss of buried 
carbon (Macreadie et al., 2015; Marbà et al., 2015; Serrano et al., 2016d).  
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Figure 2. Factors influencing carbon sink capacity in seagrass meadows and 
potential explanations to the patterns of variability in carbon storage.  
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Scope of the thesis 

 
The overall purpose of this PhD thesis was to explore patterns of variability 
in seagrass carbon storage, and to examine factors explaining this variation as 
well as to assess how human-induced disturbances can affect the carbon se-
questration process. More specifically the aim was to assess: 
 
1. Carbon storage among and within seagrass species on large spatial scales 

(i.e. Europe and Western Indian Ocean). 
 

2. Environmental, sedimentary and seagrass-related factors influencing the 
variation in carbon storage, and on different spatial scales.  

 
3. The impact of anthropogenic disturbances on the carbon sequestration 

process by simulating grazing and shading, as well as the effects of in-
creased hydrodynamic forces on organic carbon resuspension. 
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Study areas and comments on method used 

Study sites 
 
In this thesis, the work we made during two large-scale field surveys is pre-
sented. The first field survey was carried out in four areas of Europe (paper I) 
while the second one was conducted in three locations on the eastern African 
coast (ranging from southern Mozambique to northern Tanzania; paper II). In 
paper I, we collected samples in Zostera marina meadows in the Black Sea 
(Sozopol), the Baltic Sea (Askö), the Swedish Skagerrak coast (Gullmar 
Fjord) and on the Portugal Atlantic coast (Ria Formosa) (Fig. 3). The four 
distinct areas cover a large range of habitat conditions for Z. marina in Europe 
(with, for example, a difference in salinity and water temperature). In each of 
the areas, a minimum of two Z. marina meadows and one unvegetated area 
(reference site) were sampled. For paper II, the field work was carried out in 
three main areas along the coast of eastern Africa; mainland Tanzania, Zanzi-
bar (Unguja Island; Tanzania) and Inhaca Island in Mozambique, covering 
tropical to subtropical climate regimes (Fig. 3). In this study, four habitat-
building species were sampled, namely Enhalus acoroides, Thalassodendron 
ciliatum, Thalassia hemprichii and Cymodocea serrulata/rotundata as well as 
unvegetated areas as reference sites. In total, nine sites were sampled, includ-
ing four sites on Zanzibar (Pongwe, Chwaka Bay, Mbweni [called ZanMb-
weni in this study] and Fumba), three sites on mainland Tanzania (Mbegani, 
Ocean Road and Mbweni [called MainMbweni in this study]), and two sites 
at Inhaca Island (Sangala and Saco) (Fig.3). Paper III was an in situ experi-
ment taking place in a large intertidal seagrass meadow in Chwaka Bay (Fig. 
3) dominated by T. hemprichii, a species with a widespread distribution in the 
tropical areas. Chwaka Bay is a semi-enclosed embayment on the east coast 
of Zanzibar with a large tidal fluctuation (maximum average tide is 3.2 m at 
spring tide; Cederlöf et al., 1995), dominated by extensive seagrass meadows. 
Samples used in the hydrodynamic laboratory experiment of paper IV were 
collected in four sites in the Gullmar Fjord on the Swedish Skagerrak coast in 
order to include Z. marina meadows with different sediment characteristics 
(Fig. 3). In the Gullmar Fjord, Z. marina forms extensive meadows in many 
of the shallow soft bottom areas and grows in different hydrodynamic condi-
tions, from sheltered bays to more exposed areas (Baden & Boström, 2001).   

 





 17 

(Rose et al. 1999). During sea-urchin outbreaks a large parts of the meadows 
can be consumed or removed (Camp et al., 1973; Alcoverro & Mariani, 2002).  
 
The laboratory flume experiment in paper IV was set out to test the effects of 
increased current flows on organic carbon resuspension in Z. marina sediment 
plots with different seagrass structural complexity and sediment properties. 
The samples were taken from seagrass meadows in the Gullmar Fjord, an ar-
eas with a high carbon storage capacity, as shown in paper I. Hydrodynamics 
is of importance for carbon storage (Samper-Villarreal et al., 2016) as many 
processes related to carbon sequestration are also related to flow velocity, such 
as  sedimentation and trapping of particles (Agawin & Duarte, 2002), which 
increase the input of allochthonous carbon (Hendriks et al., 2008; Kennedy et 
al., 2010). An environment with low hydrodynamic activity would likely also 
decrease the export of autochthonously produced carbon (Ricart et al., 2017) 
and consequently both allochthonous and autochthonous carbon sources 
would contribute to a build-up of the sedimentary carbon pool. By conducting 
this experiment in a laboratory setting, we could more easily control the flow 
velocity and simulate increased hydrodynamic regimes, such as during a storm 
event, which is likely to increase in the future due to climate change (Collins 
et al., 2013; Von Storch, 2013).   
 

Carbon and nitrogen analysis 
 
In all papers (I-IV) an organic elemental analyzer was used to determine or-
ganic carbon (Corg), inorganic carbon (Ccarb or Ci) and total nitrogen (NT) in 
sediment and biomass (only Corg and NT). This method is widely used in the 
blue carbon literature and gives a direct measurement on the carbon and nitro-
gen content in a given material. The other common method being used is Loss 
On Ignition (LOI). Both methods are a process of combustion but with the 
main difference that LOI gives a measurement of the organic matter content, 
which needs to be converted using an equation based on Fourqurean et al., 
(2012) (% Corg = 0.43 * % LOI – 0.33) to calculate the carbon content of the 
organic matter (Howard et al., 2014). The other advantage of using an organic 
elemental analyzer is that you also obtain the nitrogen (N) content of the sed-
iment, and hence gives a value on nutrient availability and C:N ratio, which is 
an indication on the quality and decomposition phase of the organic matter 
(Christensen, 1992). The relationship between carbon (C) and N can be used 
to estimate the stability of the organic matter, and if the C:N ratio does not 
change over time (or by depths given that there is a no mixing of the sediment) 
this can be an indication of stable recalcitrance carbon (Mateo et al., 2006). In 
order to obtain the Corg and Ccarb content in sediment, a sediment subsample 
was treated with hydrochloric acid (HCl, direct addition) and by subtracting 
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the HCl-treated subsamples with a subsample used to measure the total carbon 
content the Ccarb fraction was derived.  
 

Measuring total hydrolysable amino acids in sediment 
 
Total hydrolysable amino acids (THAA) can be used as an indirect measure-
ment of degradation of organic matter in sediments (Henrichs, 1993) and in 
paper III the concentration of THAA was measured to assess and compare the 
impact from the different disturbance treatments to the control. This is a cost 
effective and, for us, logistically feasible method, although other methods to 
determine decomposition in seagrass sediment are available, such as Corg age 
measurements (chronostratography) using 14C and 210Pb dating (see e.g. 
Rozaimi et al., 2016, Serrano et al., 2016a) or analysis of the structural com-
position and function of the microbial community. Using DNA sequencing 
methods to determine microbial communities and their functional diversity is 
rather unstudied in seagrass meadows (e.g. Jensen et al., 2007, Trevathan-
tackett, 2016) and could be used to determine groups of bacteria, archaea and 
fungi associated with degradation of organic matter (for example, sulfate-re-
ducing bacteria and methane-producing archaea).   
 

Grain size analysis 
 
Two methods of grain size fractionation was used in this thesis. The first is 
the traditional dry sieving method coupled with hydrometer analysis, which 
was used in paper II, and the other method is the laser diffraction particle 
sizing (LDM) technique used in paper IV, which is widely used today. The 
LDM gives faster measurements using smaller sample sizes and a wider range 
of grain sizes (in our case, 1-3500 μm) with a higher resolution of fractions 
compared to the dry-sieving technique and hydrometer method (in our case, 
20-2000 μm). The main difference is, therefore, that the LDM technique gives 
a better estimate on the smaller grain sizes (Stefano et al., 2010), which are 
the fractions that are more relevant for the carbon storage.    
 

Net community production 
 
While there are many ways of assessing seagrass meadow productivity, for 
example by using a Pulse Amplitude Modulated (PAM) measuring photosyn-
thetic rate of a given plant or algae (Deyanova et al., 2017), pH dynamics 
(Buapet et al., 2013) or CO2 fluxes in the water column by using an Infrared 
Gas Analyzer (IRGA) (Migne et al., 2007), the more traditional and widely 
used method is measuring O2 evolution in incubation chambers. This method 
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was used in paper III where semi-rigid transparent chambers (allowing natural 
stirring of the water) was placed in each treatment plot and O2 was measured 
with an oxygen electrode technique. The most ecological relevant is to do in-
cubations several times during 24 h, which quantifies NCP as well as GCP 
and R on a dial basis. Due to logistic reasons, the NCP was standardized to 
once a day (in the morning with an outgoing tide) and despite not measuring 
a full diurnal cycle measure shows how the seagrass ecosystem responded to 
the different disturbance treatments. There are several uncertainties using in-
cubation chambers (e.g. incubation time and mixing of the water), while many 
of these concerns can be mitigated, measuring O2 with an oxygen electrode 
can also be an uncertainty due to unstable O2 values. Another option is to use 
the Winkler method (see Labasque et al., 2004; Olivé et al., 2015), which de-
termines O2 concentrations spectrophotometrically.  
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Synthesis of results and discussion 

Natural variability in seagrass carbon sinks 
 

The extensive field surveys of papers I and II showed that there was an overall 
large variation in sedimentary Corg content among and within tropical and tem-
perate species (Fig. 4). The highest variation in sedimentary Corg content was 
found within the species Z. marina (paper I), with a 14-fold difference among 
the European areas. This large variation has been observed in other areas as 
well, e.g. in Australia Lavery et al. (2013) found an 18-fold difference in car-
bon storage among species and among environments. The global variability is 
likely even higher given the diversity in seagrass plant morphology and the 
broad range of environments that seagrasses inhabit, which highlights the need 
to understand driving factors behind carbon storage dynamics.  
 
In general, seagrass meadows had a higher % Corg content than their respective 
unvegetated reference area, except for three sites (two situated around Askö 
in the Baltic Sea and one on the Tanzanian mainland; papers I and II). This 
shows that not all seagrass areas can be considered significant carbon sinks 
and stresses the importance of the continuation of surveys worldwide for iden-
tification of carbon “hotspots” and areas with low carbon storage potential for 
better estimates of seagrass carbon sink capacity on a global scale. The highest 
sedimentary Corg stock found in the two surveys was measured in a Z. marina 
meadow (Finnsbo) in the Gullmar Fjord on the Swedish Skagerrak coast. In 
this meadow, the Corg content was on average 4.3 % (Fig. 4), whereas the high-
est Corg of the subtropical and tropical sites in paper II was on average 1.4 % 
Corg (in a T. ciliatum meadow in Chwaka Bay, Zanzibar). In comparison to the 
global median (1.4-1.8%) and average (2.0-2.5%) Corg stock reported in 
Fourqurean et al., (2012), the Swedish Skagerrak area could potentially be a 
seagrass carbon “hotspot”. The global Corg stock values are, however, estima-
tions to 1 m sediment depth (Fourqurean et al., 2012), while our survey only 
covers the top 25 cm of sediment. If extrapolated to 1 m depth the sites at the 
Swedish Skagerrak coast would have a Corg content of 3.6%. The difference 
in Corg content between temperate, and subtropical and tropical meadows in-
dicates that there is a latitudinal difference (influencing biogeochemical pro-
cesses by controlling e.g. sea water temperature, degradation rates and insola-
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tion) but as the within-regional difference was larger it is likely that local en-
vironmental factors and species-specific traits are of greater importance than 
patterns on a larger (global) scale.  
 
The sedimentary Ccarb was consistently higher than the Corg content in the sub-
tropical and tropical sites in papers II and III (Ccarb was not considered in tem-
perate seagrass sediment due to the low CaCO3 content in the sediment), rang-
ing from 1.8 to 15.9 times higher Ccarb content, with the highest values found 
on Zanzibar. The sediment composition on Zanzibar is to a large extent com-
prised of biogenic calcium carbonate with some sites being almost entirely 
made up of biogenic calcium carbonate sediment (Shaghude & Wannäs, 
2000). In Chwaka Bay (the site with the highest Ccarb content), half of the cal-
cium carbonate is derived from the calcareous green algae, Halimeda spp. 
(Muzuka et al., 2001), which substantially contributes to the CaCO3 produc-
tion in seagrass meadows in Chwaka Bay (Gullström et al., 2006; Kangwe et 
al., 2012) as well as other subtropical and tropical coastal environments (Rees 
et al., 2007). Given that the CaCO3 production is autochthonous and 1.67 
times higher than the Corg content (following that 1 mol of  carbonate will 
release about 0.6 mol of CO2; Ware et al., 1992) this will result in a net release 
of CO2 to the atmosphere, and if so, the seagrass meadow is considered to be 
a source of CO2 rather than a carbon sink. As the meadows in paper II (as well 
as the experimental site in paper III) had a Ccarb:Corg ratio of more than 1.8 
they would in theory release more CO2 than they accumulate. However, to 
what extent the meadows contribute to the CaCO3 production is not clear. Con-
sidering that there was a medium to strong relationship between Corg and Ccarb 
in all seagrass species, and that calcareous algae are a major part of the Ccarb 
content in Chwaka Bay, and that the seagrass meadow increase the calcifica-
tion rate of calcareous algae in the area with as much as 6 times (Semesi et al., 
2009), this shows that meadows have a potential to promote calcification. 
Such a relationship between Corg and Ccarb have also been seen in other areas 
and needs to be taken into account when evaluating carbon storage in mead-
ows with high CaCO3 production (Howard et al., 2017b). 
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Figure 4. Mean (± SE) sedimentary Corg stocks (for 0-25 cm of sediment depth) 
among sites and species from Europe and eastern Africa (complied data from 
papers I and II). Gf = Gullmar Fjord (Swedish Skagerrak coast), Zan = Zan-
zibar, Tanzania (Western Indian Ocean, WIO), Ria = Ria Formosa, Portugal 
(Atlantic Ocean), Tanz = Tanzania (WIO), Moz = Mozambique (WIO), Ask 
= Askö (Baltic Sea), Soz = Sozopol (Black Sea). See Fig. 3 for location of 
sites.   
 

Reasons for carbon storage variability 
 
There is a range of factors influencing carbon storage accumulation, which 
may act on different spatial levels, from a within meadow to regional scale 
(e.g. Röhr et al., 2016; Oreska et al., 2017). This was also seen in paper II, 
where the predictor variables had a different influence on Corg content on a 
patch- and landscape scale, for instance both above- and belowground bio-
mass was of importance on a landscape scale whereas on a patch level only 
belowground biomass was significant. This could be related to the sediment-
trapping attribute of the shoots, which on a larger landscape scale had a 
stronger influence on the Corg stocks as meadow size is of importance for car-
bon storage (Ricart et al., 2017). The root-rhizome system is, however, more 
associated to the plant-sediment processes (although it also has a stabilizing 
effect on the sediment) and is of importance for carbon storage due to the high 



 23 

turnover rate and production of the belowground part of the plant (Duarte et 
al., 1998; Trevathan-Tackett et al., 2017), resulting in a high input of organic 
matter to the sediment.  
 
A main factor associated to the sedimentary carbon content in both papers I 
and II was low sediment dry weight density (and corresponding high poros-
ity), which is known to decrease with higher organic matter content in the 
sediment (Avnimelech et al., 2001) as organic matter weigh less than miner-
ogenic material (Winterwerp & van Kesteren, 2004); it may, however, also be 
that the organic matter is highly hydrated, as discussed by Avnimelech et al., 
(2001) and thus reducing the dry density of the sediment. A low sediment 
density (and high porosity) also indicates a high depositional area with low 
water movement (van Rijn, 1993), which might increase the accumulation of 
organic matter, leading to anoxic sediment and a lower degradation rate due 
to high oxygen consumption by the microbial community and other detritus 
organisms (Barko & Smart, 1983; Benner et al., 1984). Besides sediment den-
sity and porosity, the main factor explaining the sedimentary Corg content in 
paper I was grain size. Fine grain sizes are known to accumulate organic mat-
ter due to their larger specific surface area (Keil & Hedges, 1993; Mayer, 
1994) and several studies on seagrass carbon storage have shown the same 
relationship (Röhr et al., 2016; Miyajima et al., 2017). The sedimentation pro-
cess is highly influenced by the hydrodynamic conditions of the environment 
(Winterwerp & van Kesteren, 2004) and sheltered meadows have been shown 
to have higher sedimentary carbon storage (Samper-Villarreal et al., 2016; 
Mazarrasa et al., 2017a). Lower water movement promotes settlement of fine-
grain-sized particles (with high organic matter content; Fonseca & Bell, 1998), 
which in turn leads to increased carbon storage in seagrass meadows.  
 
The seagrass plant morphology and structural complexity is of importance for 
carbon accumulation with several seagrass-related factors associated with 
high sedimentary Corg stocks (e.g. large-sized species and meadow canopy; 
Samper-Villarreal et al., 2016; Gills et al., 2017). Interestingly, no seagrass-
associated variables for the Z. marina meadows in paper I were correlated to 
sedimentary Corg content, while in paper II we found that a high seagrass bio-
mass correlated to the Corg in the sediment. This might be due to species-spe-
cific traits, explained by the size and life history of Z. marina compared to 
some of the tropical species investigated in paper II. Fast-growing and short-
lived species, such as Z. marina, do not have the extensive root-rhizome sys-
tem as larger species, e.g. E. acoroides and T. ciliatum, in the tropics and the 
sedimentary carbon pool could to a lesser degree be composed of autochtho-
nously produced carbon but more associated to a high allochthonous carbon 
input from the surrounding environment (Serrano et al., 2016e). In that re-
spect, the environmental factors, such as the meadow being situated in a high 
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depositional area, as indicated by fine-grain size particles, low sediment den-
sity and high porosity, would play a more important role in determining the 
carbon storage capacity than the intrinsic properties of the seagrass plant itself.  
 
Paper II also showed that landscape configuration influences the level of Corg 
stocks, where a large seagrass meadow area (in relation to other coastal habi-
tats) had a higher carbon storage. Similar results have seen by others (Ricart 
et al., 2015; Oreska et al., 2017) and Ricart et al., (2017) suggested that a 
larger meadow will have higher accumulation of autochthonous carbon (in-
cluding seagrass plant material with a high content of refractory compounds) 
in the sediment and a decrease in export of organic matter as a continuous 
meadow reduces the near-bed hydrodynamics more efficiently. Seagrasses at-
tenuates the water movement with the canopy (Fonseca & Fisher, 1986; 
Fonseca & Cahalan, 1992) and by doing so, it could also increase the sedi-
mentation of allochthonous carbon and decreases sediment erosion. In 
seagrass meadows, there tend to be an edge-effect on the sedimentation pro-
cess as water flow velocity decreases with distance from the edge, causing 
erosion in the edge zone and deposition of sediment in the interior of the 
meadow (Adams et al., 2016).  
 
Some factors showed different types of influence on sedimentary Ccarb com-
pared to Corg in paper II. For instance, structural complexity variables (i.e. 
canopy height and shoot density) were of greater importance for the Ccarb 
stocks than for the Corg stocks. The canopy height was positively correlated to 
Ccarb, while shoot density was negatively correlated, which does not have to 
be contradicting as higher canopy can reduce the shoot density due to self-
shading of the shoots (Enríquez & Pantaoja-Reyes, 2005). A higher canopy 
might promote settlement by, for instance, epiphytic calcareous algae, as it 
increases the substratum for attachment and calcareous epiphytic algae can 
hence contribute substantially to the Ccarb content in the sediment (Walker & 
Woelkerling, 1988). However, a dense meadow could instead hinder settle-
ment by creating a “skimming flow” over the canopy (Borowitzka et al., 2006) 
while in a sparse meadow the water can more easily penetrate the canopy 
(Adhitya et al., 2014), allowing organisms to settle.  
 

Effects of anthropogenic disturbances on carbon storage  
 
Many of the human-induced disturbances seen globally in seagrass meadows 
(e.g. eutrophication and sedimentation) can potentially have a negative effect 
on the seagrasses’ function to sequester carbon, and seagrass loss poses the 
risk of releasing CO2 back to the atmosphere (Lovelock et al., 2017). If the 
carbon sequestration process is disrupted at any stage, from for example sed-
imentation and eutrophication, or overgrazing, this can cause a chain of events 
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(given that the disturbance is severe enough), leading to a reduced production, 
causing depletion of stored carbohydrates, reduced growth and die-off of 
seagrass plants (Deyanova et al., 2017), which could lead to a lower seques-
tration rate and destabilization of sediment, causing erosion and a loss of bur-
ied carbon in the end (Fig. 5). The response time of the seagrass ecosystem 
from a severe disturbance differs, where some effects can be seen almost in-
stantly (e.g. decreased primary production) whereas other impacts, such as 
loss of sedimentary Corg have a longer response time. This was highlighted in 
paper III where after five months we observed a decline in Net Community 
Production (NCP) as well as reduced seagrass biomass carbon in high disturb-
ance treatments, which reduces the seagrasses’ carbon sink capacity, and if 
continued it will likely cause a loss of carbon stored in the sediment as seen 
in other studies (Macreadie et al., 2015; Marbà et al., 2015). As seagrass 
meadows promote sediment retention by reducing the hydrodynamic forces 
(Fonseca & Fisher, 1986) and stabilizing the sediment (Christianen et al., 
2013) a loss of seagrass might trigger erosion of the sediment surface. In paper 
III, we saw a significantly lower sediment surface in the treatments where we 
had removed part of or total shoot biomass, which likely caused a less efficient 
mitigation of hydrodynamic forces, leading to the surface erosion observed. 
Erosion is the main impact on the carbon sink function and the reason for 
erosion can either be due to loss of the mitigating and stabilizing properties of 
the seagrass meadow during a disturbance event (paper III) or due to increased 
hydrodynamic forces of the area (paper IV) or both, as these processes nega-
tively influence each other (Fig. 5). With climate change the intensity and fre-
quency in storms is likely to increase (Collins et al., 2013; Von Storch, 2013), 
which might result in a release of sedimentary Corg and a decline in seagrass 
carbon stocks, especially when considering the ongoing loss and fragmenta-
tion of seagrass areas worldwide (Waycott et al., 2009), which could enhance 
the erosion of seagrass sediment (Ricart et al., 2015; Adams et al., 2016) 
 
Hydrodynamics influence many aspects of the carbon sequestration process 
and changes in the hydrodynamic regime can have a strong effect on sedimen-
tary Corg resuspension, as seen in paper IV. The impact of hydrodynamics on 
seagrass sediment erosion is determined by the interplay of the seagrasses’ 
ability to stabilize the sediment and reduce flow (regulated by the meadows’ 
above- and belowground structural complexity;  Luhar et al., 2008; 
Christianen et al., 2013) and the sediments’ susceptibility to erosion (Ganthy 
et al., 2015). If the sediment has a low natural critical shear stress the vegeta-
tion’s influence on protecting the sediment from erosion might be reduced 
(Widdows et al., 2008). In paper IV, we found no mitigating effect of shoot 
density on Corg suspension (when comparing unvegetated sediment, sparse-, 
moderate- and dense seagrass bed types), and this is likely due to the intrinsic 
instability of the muddy sediment being tested and in which Z. marina mead-
ows are commonly found in the Gullmar Fjord. There was also a observed 
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different between sandy, high bulk density sediment and muddy sediment with 
low bulk density, which had on average a four times higher Corg water con-
centration (although this could not be statistically tested). On average a ten 
times increase in Corg water concentration from low to high flow velocities 
was found in the experiment, and the proportion of Corg in suspension (in re-
lationship to other sediment particles) increased 3-fold with higher flow ve-
locity, from 1.8% to 5.8% Corg (paper IV), which indicates that the intensity 
of the hydrodynamic forces will not only increase the amount of Corg being 
removed but also increase the release of sedimentary Corg to a higher degree 
than other sediment particles.  
 

 
Figure 5. Semi-conceptual model showing a sequence of impacts (“chain-of-
events”), which in the end could disrupt the sedimentation process, resulting 
in erosion and a loss of stored carbon (C) as well as a heighten release of 
greenhouse gases through re-oxygenation of sediment (leading to increased 
respiration and CO2 release) or increased degradation of organic matter under 
low oxygen conditions (CH4 release) due to seagrass die-off. A severe disturb-
ance (as examined in paper III) resulted in a decrease in production (at both 
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community- and plant level), followed by a depletion in carbohydrates, reduc-
tion in growth and loss of seagrass biomass (paper III; Deyanova et al., 2017). 
A reduction in biomass (in the clipping treatment) presumably lead to in-
creased hydrodynamic forces, which caused surface erosion (paper III). In-
creased hydrodynamics could also be induced by storms, resulting in en-
hanced Corg resuspension (as tested in paper IV) and erosion as well as a loss 
of seagrass due to uprooting and increase turbidity (the process in the orange 
box). A disturbance, such as physical removal of the seagrass, can also directly 
cause erosion.   
 
Considering the worldwide decline in seagrass areas (Waycott et al., 2009) 
the recovery time after a disturbance, which varies depending on the spatial 
scale of the impacted area (O’brien et al., 2017), as well as seagrasses’ resili-
ence to disturbances are of importance. The experiment in paper III showed a 
high resilience of T. hemprichii to disturbances as the low disturbance treat-
ment plots were hardly impacted, although, the applied disturbances were con-
siderable even in the low intensity treatments. At a reduction of about 64% of 
irradiance (low shading treatment) the only effects seen were lower shoot bi-
omass C and lower C:N ratio in the rhizomes, and a removal of 50% of the 
shoot biomass (low clipping) only impacted sediment erosion but not the 
health of the seagrass plant itself. This illustrates that T. hemprichii can cope 
with two extensive disturbances for several months with little impact, which 
is interesting in a situation where the human pressure on the coastal environ-
ment is evidently increasing. 
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Concluding remarks and future perspectives 

The results from this thesis highlights the large variation in seagrass meadows’ 
capability to store Corg and identifies some key explanatory factors for this 
variability. The carbon storage variability was assessed in the light of both 
regional and local scales as well as among and within species, and emphasis 
two aspects of seagrass carbon storage dynamics. First, some regions and spe-
cies have a higher carbon sink potential than others, which was not only due 
to the variation in sedimentary Corg but also because of the high Ccarb stocks in 
many of the tropical seagrass areas. Further studies on carbonate production 
in seagrass meadows are needed for our understanding on the carbon sink-
source relationship, as meadows with a high CaCO3 production might not be 
considered net CO2 sinks. Second, sedimentary Corg variability was explained 
by both local- and landscape-scale factors, where physical and hydrodynamic 
processes are of high importance. The results indicate that the settings of the 
local environment may be more important than the seagrass species itself for 
the carbon storage. To further explore the role of environmental and seagrass 
plant-associated factors in carbon storage it would be highly relevant to dis-
tinguish the carbon sources at different levels of the sediment profiles, which 
would reveal detailed information on the contribution from allochthonous and 
autochthonous carbon for long-term storage. This, together with information 
on temporal dynamics of the sedimentary Corg, would also bring more clarity 
to the question to what degree carbon storage capacity is associated to the 
environment and/or to the intrinsic quality of the organic matter.  
  
The surveys on Corg stocks in this thesis primarily focused on describing the 
sedimentary Corg content, but provided less details on the processes and the 
long-term ability to store carbon, which would be required if a seagrass system 
shall be regarded as an important carbon sink. To determine carbon storage 
“hotspots”, with high capacity for long-term carbon storage, there is a need of 
data with higher spatiotemporal resolution on sedimentation rates and sedi-
ment age in a range of seagrass meadow types.  
 
Variation in carbon storage can also be caused by anthropogenic activity and 
this thesis highlights the negative effects from human-induced disturbances 
on carbon sequestration, which could impact carbon storage capacity in 
seagrass meadows. Seagrass habitats are threatened worldwide by multiple 



 29 

disturbances and the results from this thesis indicate that high impact disturb-
ances could reduce the seagrasses’ capability to sequester carbon. Given the 
large amount of carbon buried in seagrass meadows, seagrass loss could trig-
ger erosion of ancient carbon and release of greenhouse gases, which would 
likely have a more direct impact on the atmospheric CO2 levels compared to 
the loss of the carbon sequestration function. Sediment erosion can be associ-
ated with reduction in seagrass biomass as well as with increased flow re-
gimes, and the findings from this thesis showed that enhanced flow velocity 
increases the proportion of Corg in suspended sediment. As an increase in in-
tensity and frequency of hydrodynamic activity brought on by climate change 
is projected, this could reduce the accumulation of sedimentary carbon in 
seagrass meadows.   
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Sammanfattning 

Introduktion 
 

Sjögräs är en ekologisk grupp av marina kärlväxter bestående av ca. 60 arter 
som växer i kustzonen över hela världen, där de formar ängar som kan bli flera 
kilometer stora. Sjögräsekosystem bidrar till flera viktiga ekosystemtjänster 
såsom t.ex. deras funktion som effektiva och varaktiga kolsänkor för 
atmosfäriskt koldioxid och kan på så sätt buffra mot en global uppvärmning. 
Sjögräsängar bygger upp höga kolhalter i underliggande sediment genom att 
lagra organiskt material som dels är producerat inom sjögräsängen genom 
fotosyntes och tillväxt av biomassa (autoktont kol) och dels ifrån alloktont kol 
som producerats i andra miljöer, såsom mangroveskogar eller i 
landekosystem. Delvis kommer det organiska materialet att konsumeras av 
olika organismer, transporteras bort av tidvatten eller p g a stormar eller brytas 
ned av mikroorganismer, men en stor del förblir i sedimentet där det kan 
förvaras i hundratals eller tusentals år.  

 
 
Variation i lagring av organiskt kol 

 
Kapaciteten att lagra kol varierar markant mellan arter och områden. I min 
doktorsavhandling har jag jämfört kollagring i sjögrässediment i både 
tempererade och tropiska miljöer och för olika sjögräsarter samt undersökt 
relevanta miljö- och sjögräsrelaterade faktorer som kan ha en betydande 
påverkan på kollagringsfunktionen. Jag har även testat hur antropogena 
störningar kan påverka upptaget och lagringen av organiskt kol. I studie I 
kartlades kollagering i sjögrässediment i tempererade ålgräsängar (Zostera 
marina) ifrån fyra områden i Europa och i studie II undersöktes på liknande 
sätt kolhalten i sjögräsängar ifrån fyra habitatsbyggande sjögräsarter i 
subtropiska (södra Moçambique) och tropiska områden (Zanzibar utanför 
Tanzanias kust samt längs kusten utmed Tanzanias fastland). Vi fann, i linje 
med tidigare studier, en stor variation i kollagring, där de högsta kolhalterna 
uppmättes i ett område i Gullmarsfjorden längs den Svenska skagerrakkusten. 
Variationen inom Europeiska tempererade ålgräsområden visade sig dock 
vara högre än för sjögräsarter inom subtropiska och tropiska områden (studie 
I och II).  
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Oorganiskt kol i subtropiska och tropiska områden  

 
I de subtropiska och tropiska sjögrässedimenten mättes höga halter av 
oorganiskt kol (kalciumkarbonat). Mängden oorganiskt kol var mellan 1.8 och 
15.9 gånger högre än den organiska kolhalten. Vid hög autokton 
kalciumkarbonatproduktion ändras förhållandet mellan upptag och frisättning 
av koldioxid (då koldioxid frisläpps vid bildandet av kalciumkarbonat), vilket 
i teorin skulle kunna innebära att dessa sjögräsängar snarare är kolkällor än 
kolsänkor. Dock visar den här studien inte hur mycket av det oorganiska kolet 
som är producerat i sjögräsängen även om det finns ett samband mellan 
organiskt och oorganiskt kol, vilket indikerar att sjögräsekosystem bidrar till 
kalciumkarbonatproduktionen. Tidigare studier har även visat på detta, dvs. 
att sjögräsängar kan öka produktionen av kalciumkartbonat (genom att skapa 
en gynnsam miljö för exempelvis kalcifierande alger).  

 
 
Faktorer som förklarar variationen i organisk kollagring 

 
I både studie I och II fanns en stark korrelation mellan sedimentets densitet 
och porositet, och organiskt kol. Detta kan vara länkat till lägre vikt av 
organiskt material jämfört med minerogent material, men låg sedimentdensitet 
och hög porositet associeras också till miljöer med hög sedimentation och låg 
vattenomrörelse som medföljer att mer organiskt material kan ansamlas. Detta 
indikeras också av att sedimentets kornstorlek var tydligt korrelerad till 
kollagring i Z. marina sediment i studie I. Finare kornstorlekar, med hög halt 
av silt och lera, binder organiskt material och är även associerade med 
skyddade miljöer med begränsad hydrodynamisk påverkan. Givet den stora 
variation i kollagring som hittades i Z. marina sediment (studie I) och 
förklaringsvariabler associerade till skyddade miljöer så är det rimligt att anta 
att miljön har större betydelse än sjögräsets strukturella komplexitet (t. ex. 
skottäthet, biomassa och täckningsgrad). I de tropiska och subtropiska 
miljöerna var även mängden biomassa av rötter och rhizom av betydelse. 
Sjögräsets rötter och rhizom är viktiga för kollagring då det mesta kol som 
lagras i sedimentet kommer ifrån dessa delar av växten. Skillnaden mellan Z. 
marina i tempererade vatten och de subtropiska och tropiska arterna är att flera 
av dessa är större, exempelvis Enhalus acoroides och Thalassodendron 
ciliatum, och därför bidrar mer till kollagringen än Z. marina, där kollagringen 
istället kan vara mer relaterat till alloktont kol. I studie II analyserades även 
landskapets betydelse för kollagring och det visade sig att områden med högre 
andel sjögräsäng har mer ackumulerat organiskt kol i sedimentet, vilket kan 
bero på högre autokton produktion samt mindre erosion och export av 
organiskt material då sjögräset minskar vattenomrörelsen. 
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Påverkan från mänskliga störningar 
 

Antropogen påverkan på sjögräsekosystem kan ha stor effekt på dess 
kollagringskapacitet. Det största hotet mot sjögräsekosystem idag är 
försämrad vattenkvalité (genom övergödning och ökad sedimentation). 
Överfiske är ett annat hot som kan resultera i förhöjt betestryck av växtätande 
organismer och förlust av sjögräs genom denna förändring i födoväven. Även 
klimatförändring kan på sikt hota sjögräsekosystemen och högre temperaturer 
och havsnivåstigning kan bland annat resultera i ökad intensitet och frekvens 
av stormar som kan leda till erosion och försämrad vattenkvalité. I två olika 
studier testades experimentellt hur minskat solljus och simulerad betning 
påverkar kolsekvenseringen genom att skugga och klippa sjögrässkott (studie 
III) samt effekten av ökat vattenflöde på suspenderat organiskt kol från Z. 
marina sediment (studie IV). Vid intensiv skuggning och simulerad betning 
minskade produktionen i sjögräsekosystemet samt bidrog till en förlust av kol 
i biomassan. Detta kan, om det fortsätter under längre tid, leda till en 
minskning av organiskt kol även i sedimentet. I behandlingar med simulerad 
betning ökade också erosionen av sedimentytan, vilket förmodligen är 
relaterat till den förlust av bladbiomassa som annars bidrar till en minskad 
vattenomrörning. Höga vattenhastigheter har en starkare effekt på organiskt 
kol än andra sedimentpartiklar och i studie IV ökade andelen organiskt kol i 
suspenderat material tre gånger så mycket (från lågt till högt vattenflöde), 
vilket indikerar att stora mängder organiskt kol skulle kunna erodera under 
perioder av förhöjd vattenhastighet (vilket kan bli vanligare i framtiden) och 
som i annat fall skulle kunnat ackumulera i sedimentet.  
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