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Abstract
Seagrass meadows are effective carbon sinks, sequestering atmospheric CO2 and capturing allochthonous organic material,
storing organic carbon (Corg) in their sediments, so called Blue Carbon. In tropical areas, seagrass meadows have a high
number of calcareous organisms, which can offset carbon sequestration by releasing CO2 through their calcification. Human
activities such as urbanization and land-use change with inadequate management of blue carbon ecosystems are causing
fast degradation of tropical blue carbon ecosystems, particularly mangroves and seagrasses. In this thesis, I and colleagues
looked at the carbon sequestration process and the impact of marine protected areas (MPAs) on Corg conservation in the blue
carbon ecosystems of the western Indian Ocean (WIO) region. This was accomplished by examining the air-water CO2 flux
in different plant community compositions (i.e. seagrass and calcifying macroalgae), as well as factors driving air-water
CO2 flux and the assessment of Corg stocks within and outside MPAs in tropical and subtropical areas of the WIO. The
impact of landscape configuration and modification due to urbanization and mangrove degradation on the accumulation and
variability of Corg in seagrass habitats was also investigated. We found that, the sum of the fluxes showed a net efflux of CO2
over the meadows. The CO2 fluxes changed both in rate and direction over the day, and were significantly related to plant
community composition and environmental conditions  such as pH and CO2 partial pressure, where pH had the strongest
influence on CO2 fluxes. Influxes were found only over vegetation with high proportion of seagrass and in the afternoon,
whereas calcifying algae appeared to reverse the flow. We found that highly productive seagrass meadows can generate a
net CO2 from the water to the atmosphere as plants’ demand for CO2 to a large extent is covered by internal cycling of CO2,
both from degradation of autochthonous and allochthonous material and calcification. We found that accumulation of Corg
in seagrass meadows is larger than the flow to the atmosphere, indicating that these systems can still be carbon sinks.

The inflow of allochthonous carbon, Corg content and stocks in the seagrass meadows was influenced by a combination of
landscape metrics and inherent habitat plant- and sediment-properties. We discovered a strong land to sea gradient in terms
of Corg content in seagrass seascapes, due to hydrodynamic forces that resulted into unique patterns in sedimentary Corg
levels. Seagrass surface sediments closer to a deforested mangrove had higher Corg content and mangrove signal, probably
due to increased Corg export from deforested mangrove. In comparison to more diversified and patchy seascapes, seascapes
with extensive continuous seagrass meadows have higher sedimentary Corg content. Seagrass meadows located near an area
with rapid and short-term urbanization and degraded mangroves had a higher sedimentary Corg content, but similar carbon
accumulation rate as an area with long-term progressive urbanization. It was found that tropical and subtropical blue carbon
ecosystems store a significant amount of carbon in their sediments, but that many carbon storage hotspots are entirely/
partially outside MPAs. This masks their influence on blue carbon conservation. MPAs can still be used to conserve blue
carbon if carbon hotspots are properly located and managed.

This thesis contributes knowledge of important determining factors influencing primary pathways of tropical coastal
ecosystem carbon sequestration and are critical for identifying hotspots of carbon storage to generate conservation
prioritizations.  Future research should focus on conservation prioritizations that will limit the unsustainable use of coastal
resources.

Keywords: Carbon sequestration, tropical seagrass meadows, coastal seascape, landscape configuration and
transformation, calcification, allochthonous carbon, community respiration, carbon sink, human disturbance, coastal
conservation.
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Introduction 

The carbon sink concept 

 
Increased concentration of greenhouse gases, especially carbon dioxide (CO2), 
in the atmosphere is a major cause of global warming and climate change 
(Pielke Sr et al. 2004, Solomon et al. 2007, Goel and Bhatt 2012, Lahn 2021). 
The CO2 concentration has increased (Ciais et al. 2014) from approximately 
280 ppm during pre-industrial era to 413.93 ppm in October 2021 
(https://www.co2.earth/) and is projected to increase at the rate of 2 ppm per 
year during the coming decades (Le Quéré et al. 2018). From October 2019 to 
October 2021 CO2 concentrations in the atmosphere has increased at the rate 
of 1.73 ppm (https://www.co2.earth/), and is projected to increase up to 670 
ppm in 2100 (https://www.co2.earth/2100-projections).  

The increased CO2 concentrations in the atmosphere do not only cause 
global warming, but also ocean acidification resulting in a drop of ocean pH 
due to CO2 dissolution into the seawater (Doney et al. 2009, Beer et al. 2014). 
A lower pH in marine environments may have significant effects on a range 
of marine organisms, especially calcifiers (Orr et al. 2005, Kroeker et al. 2010, 
Doney et al. 2012). Low pH influence the proportion of inorganic carbon 
forms (Ci) present in seawater ( Caldeira and Wickett 2003, Beer et al. 2014) 
with large effects on marine primary productivity (Buapet et al 2013). These 
effects have raised an interest to evaluate the mechanisms in nature that are 
capable to remove and store the extra CO2 added to the natural carbon cycle 
and thus could slow the rate of climate change and ocean acidification.  

A natural biological system that can decrease atmospheric CO2 by seques-
tration and storage of carbon in the biomass and underlying sediment, either 
in short- or long-term, is called a natural carbon sink (Smith 1981, Mateo et 
al. 2006, Laffoley and Grimsditch 2009, Kennedy et al. 2010a). The ocean is 
one of the most important natural carbon sinks (Ciais et al. 2014), which had 
absorbed on average (± standard deviation) about 1.42 (± 0.53)  Pg C yr−1 up 
to the year 2000 (Takahashi et al. 2009), and around 2.4 (± 0.5) Pg C yr−1 up 
to 2018 when the latest update was reported (Le Quéré et al. 2018). The 
amount of carbon absorbed by the ocean is equivalent to 27% of the total an-
nual releases of CO2 from anthropogenic activities (Le Quere et al. 2015, Le 
Quere et al. 2016, Le Quéré et al. 2018). Roughly 55% of the biological carbon 
(green carbon), and the total carbon produced  in the world is captured by ma-
rine organisms (through photosynthesis), while approximately 93% of the 
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world's CO2 is stored and cycled in the oceans (Kennedy et al. 2010a, McLeod 
et al. 2011, Fourqurean et al. 2012). The ability of the ocean to capture carbon 
is due to the multitude of ecosystems occurring in the ocean, including e.g. 
coastal vegetated ecosystems. Coastal vegetated ecosystems such as seagrass 
beds (also known as seagrass meadows), mangroves and saltmarshes are very 
important natural carbon sinks globally (Nellemann and Corcoran 2009) and 
highly efficient in the sequestering and storing ocean CO2. Recent evidence 
showed that, macroalgae also contribute to oceans carbon sinks (Krause-
Jensen and Duarte 2016), although the carbon is stored somewhere else than 
where it is captured; such as in tidal flats or deep sea (Duarte and Krause-
Jensen 2017).  
 
Measure of carbon sink capacity of an ecosystem 

 
A mass balance method to ecosystem dynamics (Hopkinson 1988, Twilley 
1988) can be used to assess an ecosystem's carbon sink potential based on its 
net ecosystem’s production (NEP), such that: 
 

NEP = GPP – (Ra + Rh) – E                                                                 (1) 
 

GPP stands for Gross Primary Productivity, Ra for autotrophic respiration, and 
Rh for heterotrophic respiration and E for ecosystem net export. 

Ecosystem steady state (ESS) dynamics of carbon flux can be assessed us-
ing a mass balancing of gross carbon fixation (P) and allochthonous carbon 
input (I) versus losses associated with whole system respiration (R) and export 
(E) as follows: 
 

ESS = (P + I) – (R + E)                                                                         (2) 
 

When carbon gain (P + I), exceeds carbon losses (R + E), the system is in a 
non-steady state with net accumulation of carbon and thus a carbon sink. When 
allochthonous input to the coastal ecosystem such as seagrass and mangroves 
ecosystem is taken into account as a whole, ESS for each subsystem equals 
NEP. NEP can be an increase in biomass or accumulation of carbon in sedi-
ment reservoirs (Hopkinson 1988, Twilley 1988). 

Potentiality and dilemma of vegetated coastal ecosystems in carbon 
storage 

 
Vegetated coastal ecosystems such as mangroves, salt marshes and seagrass 
beds, also known as “blue carbon ecosystems” account for 50–71% of all car-
bon stored in the ocean (Endo and Otani 2019). Blue carbon ecosystems cover 
less than 0.5% of the seabed, and 2% of global area (McLeod et al. 
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2011).Ocean plants biomass is only 0.05% of the terrestrial plant biomass 
(Nellemann and Corcoran 2009, Hori et al. 2019) whereas, blue carbon eco-
systems constitute large proportion of ocean plant biomass (Kuwae and Hori 
2019). Of all coastal ecosystems, mangroves (Donato et al. 2011, 2012, Wang 
et al. 2013, Inoue 2019) and seagrass beds (Duarte et al. 2010, Kennedy et al. 
2010a, Fourqurean et al. 2012, Lavery et al. 2013, Miyajima et al. 2015, 
Watanabe and Kuwae 2015) have been found to be amongst the most efficient 
in carbon storage. Annual carbon storage  in the biomass of vegetated coastal 
ecosystems is nearly similar to the amount of carbon stored as plant biomass 
by all terrestrial plants on earth annually (Hori et al. 2019), showing that veg-
etated coastal areas makes a large contribution to the reduction of greenhouse 
gases (CO2, nitrous oxide (N2O), methane (CH4), etc).  

Coastal ecosystems are sinks for atmospheric CO2 since the total CO2 fixed 
during photosynthesis exceed the CO2 released during community respiration 
(Smith 1981, Duarte et al. 2010, Tokoro et al. 2014, Deyanova et al. 2017). 
This suggests that coastal ecosystems has high primary productivity (Sahu et 
al. 2006, Duarte et al. 2010, Dahl et al. 2016b, Deyanova et al. 2017). High 
primary productivity of coastal ecosystems is not the only factor that accounts 
for their efficiency in carbon storage. Their ability to trap and store particulate 
organic carbon from other systems (allochthonous materials) and, their anoxic 
environments which support  low decomposition rates of  organic carbon 
(Corg) in the sediment (Fonseca and Cahalan 1992, Agawin and Duarte 2002, 
Hendriks et al. 2008, Duarte et al. 2013a), account for and support high re-
fractory Corg storage in their sediments. From the context of reduction of at-
mospheric CO2 concentration, net uptake of atmospheric CO2 via the air–wa-
ter interface is a direct pathway, whereas the suppression of CO2 emission to 
the atmosphere by carbon storage in the marine ecosystems, either in plant 
biomass or sediments (or both) is an indirect pathway. Both pathways are ef-
fective from the viewpoint of mitigating climate change, even though the 
question as to which pathway is more important is still unsettled (Kuwae et al. 
2019). An ecosystem that show both net uptake of atmospheric CO2 and long-
term storage of carbon is here preferable.  However, atmospheric CO2 uptake 
and carbon storage do not occur at a constant rate and real time (e.g. Tokoro 
et al. 2008, Tokoro et al. 2014), because conversion of CO2 to carbon sugar 
through photosynthesis, is a long process (Beer et al. 2014) and, coastal eco-
systems are dynamic natural systems with complex fluctuations in biological 
communities and environmental conditions. For instance, in tropical coastal 
areas, seagrass meadow coexists with either calcareous macroalgae (Gull-
ström et al. 2006) or corals that through their calcification process might sig-
nificantly increase CO2 levels in seagrass systems.  

In addition, pH fluctuations due to seagrass and algal photosynthetic activ-
ities (Semesi et al. 2009a) may influence calcification, which in turn may af-
fect air–water CO2 transfer. The anoxic character of coastal habitats and high 
levels of Corg in their sediments, encourage the growth of methanogens (Orem-
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land 1975, Lovley and Klug 1983, Cicerone and Oremland 1988) and sul-
phate-reducing bacteria (Jørgensen 1982, Lymo et al. 2002). At high availa-
bility of organic matter (which is obvious), they can produce considerable 
amount of CH4 (King et al. 1983, Lovley and Klug 1983) and hydrogen sul-
phide (H2S) (Thode-Andersen and Jørgensen 1989) through anaerobic miner-
alization of organic matter. H2S is a toxic substance that can affect seagrass 
primary productivity (Holmer and Laursen 2002). Coastal ecosystems are cen-
tred at the interface between land and sea, an area where intensive human in-
terference that lead to ecosystem degradation, is inevitable (Bauer et al. 2013, 
Regnier et al. 2013). Degradation of these areas could turn coastal ecosystems 
into sources of greenhouse gases and H2S. Therefore, both natural factors 
(plant composition, environmental factors and submerged sediment nature of 
coastal ecosystem) and human induced (through ecosystem degradation) fac-
tors, may greatly influence coastal ecosystems and eventually reduce their car-
bon sink function (Dahl et al. 2016b), leading to elevated emissions of green-
house gases (Lyimo et al. 2018, George et al. 2020). As a result, the integrity 
of vegetated coastal ecosystems as carbon sinks are compromised and their 
function in climate mitigation are reversed from carbon sinks to sources of 
CO2. The most effective way to resolve the unknown and ambiguous question 
of whether coastal ecosystems are CO2 sources or sinks is to continue exten-
sive research and investigations that lead to a clear understanding of the pro-
cesses and mechanisms applied for coastal ecosystems to reduce and mitigate 
climate change through CO2 reduction. 

Descriptions of tropical coastal ecosystems studied in this thesis 

 
Mangrove ecosystems 

 
Location and distribution 
 
Mangrove forests are mainly restricted to tropical and subtropical latitudes at 
the interface of land and sea (Smith et al. 1994, Giri 2011, Duke and Schmitt 
2015) where they encompasses elements of both terrestrial and marine envi-
ronments. Mangrove ecosystems are usually recognized as very productive, 
and their tremendous capacity to store carbon (Twilley et al. 1992, Bouillon 
et al. 2008, Donato et al. 2011, Alongi 2012) is currently attracting a lot of 
attention because of climate change, with scientific view that coastal natural 
ecosystems can be reliable and effective natural carbon sinks. Mangroves 
cover an estimated 152,361 km2 on a global scale (Giri 2011, Inoue 2019). For 
the Western Indian Ocean (WIO) region, the entire area of mangroves is esti-
mated to be 10,000 km2 (Spalding 2010, Bosire et al. 2015), accounting for 
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about 5% of the total global mangrove coverage. The best-developed man-
groves in the region are found in the deltas of the Rufiji River (Tanzania), the 
Tana River (Kenya), the Zambezi and Limpopo Rivers (Mozambique), and 
along the west coast of Madagascar at Mahajanga, Nosy be, Hahavavy (Diop 
et al. 2016) and north-western Ambanja-Ambaro Bay (AAB) (Jones et al. 
2016b).  
 
Carbon storage and sequestration in mangroves 
 
The environmental settings (submerged/wet soil) of mangrove, contributes to 
their high accumulation and storage of Corg, which account for 15% of the blue 
carbon accumulation in coastal sediment (Duarte et al. 2013a, 2013b, Chmura 
et al. 2003). The accumulated carbon in the mangrove soil is protected by the 
internal environment (anoxic conditions), characterized by a low decomposi-
tion rate of organic material and a comparably high accumulation rate. Man-
groves ecosystem has high gross primary production, up to five times higher 
than unvegetated areas within estuaries and shelf environments (Bouillon et 
al. 2008, Duarte et al. 2013b). The gross primary productivity of mangrove 
ecosystems largely is linked to their high above ground biomass (see Fig. 1), 
which are efficient in sequestering atmospheric CO2 (Alongi 2008, 2014), 
through photosynthesis. As a result, the majority of carbon stored in mangrove 
soil comes from autochthonous organic matter, which accounts for one-third 
of net mangrove vegetation production (Kristensen et al. 2008, Black and 
Shimmield 2003). Mangrove litter, when fully decomposed under aerobic 
conditions, release gaseous CO2. The remaining undigested carbon in the sed-
iment is sequestered and accumulate in the sediment as refractory carbon. The 
accumulation rate of Corg in mangrove ecosystems can be high, up to 160 g m-

2 yr-1 in locations where these ecosystems are well conserved and protected 
(Breithaupt et al. 2012, Pérez et al. 2018). Sediment sampling in blue carbon 
habitats within the WIO region has revealed that mangroves store more Corg 

than both seagrass beds (Gullström et al. 2021) and tidal marshes (Hinson et 
al. 2017), which is consistent with findings from earlier studies (Alongi 2008, 
2014). Estimates of sequestered carbon in mangrove soils varies however 
greatly. Overall, the world mangrove ecosystems have been reported to have 
preserved ~ 4.4 Pg-C (Atwood et al. 2017), 5 Pg-C (Inoue 2019) and 2.6 Pg-
C (Breithaupt et al. 2012) from dead organic materials worldwide.  Due to 
hydrodynamic forces causing lateral transfer (Alongi et al. 1998, Alongi et al. 
2004, Alongi 2012), the organic matter produced may either be trapped and 
stored as Corg within the mangrove sediments itself or it may be transported to 
adjacent ecosystems (Adame and Lovelock 2011), such as  seagrass beds or 
deeper areas. These processes show important connectivity between habitats 
in the coastal seascapes.   
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Figure 1. Intact mangrove forest at the Ambanja-Ambaro Bay, Madagascar, display-
ing substantial aboveground biomass in the mangrove ecosystem. Photo taken during 
low tide by Diana Deyanova. 

 
Threats to WIO mangroves  
 
Despite being acknowledged for their ability to store carbon and mitigate the 
consequences of climate change, mangroves are under threat worldwide due 
to habitat loss and degradation (FAO 2007, Miththapala 2008, Duke et al. 
2014, Friess et al. 2019, Goldberg et al. 2020). Mangrove forest clearing and 
the exposure of sediments to aerobic respiration and export are two examples 
of land-use change that result in carbon loss as CO2 or dissolved organic car-
bon (DOC) (Arias-Ortiz et al. 2021). The export of DOC from mangrove hab-
itats has an impact on the carbon storage of other ecosystems nearby, such as 
seagrass meadows (papers I, III & IV). In the Indo-West Pacific region, where 
mangrove species diversity is greatest, the distribution of mangrove ecosys-
tems has decreased by a rate of 1% per year of total cover during the last 30 
years (1977–2007) (FAO 2007). If the current destruction rate continues, man-
grove habitats in this region will be extinct around 2100  (FAO 2007, Inoue 
2019). From 2000 to 2016, 62% of the world’s mangrove cover has been lost, 
mainly due to different land-use changes (Goldberg et al. 2020). Extensive 
agriculture, aquaculture and urban development are among the main reasons 
for mangroves degradation in many coastal areas (Jones et al. 2014, Goldberg 
et al. 2020, Bryan-Brown et al. 2020). The mangrove ecosystems in the WIO 
region are also quickly disappearing (FAO 2007, UNEP 2009, Bosire et al. 
2015, Lugendo 2016). Because of high rate of degradations, some parts are 
already fully deforested (Bosire et al. 2014, Jones et al. 2016b) due to unsus-
tainable logging for timber and charcoal, as well as due to conversion for ag-
riculture, aquaculture (Jones et al. 2016b) and salt pans (Ngoile and Shunula 



7 

1992). Anthropogenic pressures that causing mangrove decline are particu-
larly noticeable in Madagascar’s mangrove habitats, predominantly in the 
north-western Ambanja-Ambaro Bay (AAB) complex (Jones et al. 2014). Be-
tween 1990 and 2010, the AAB lost 23.7% of its mangroves, with the greatest 
significant loss occurring between 2000 and 2010 with a loss of 18.7% of the 
mangroves forest (Jones et al. 2016b) due to deforestation. Erosion, sedimen-
tation, and siltation are also becoming a danger as a result of upstream defor-
estation, fire, and cultivation (Jones et al. 2016b).  

In the WIO region, several cooperative initiatives are taken to start and 
support mangrove protection. The WWF and IUCN initiative has reviewed 
mangrove governance for conservation and sustainable use in many countries 
within the region, with support from the German Federal Ministry for Eco-
nomic Cooperation and Development (BMZ) (Slobodian et al 2019). Wet-
lands International Eastern Africa (WIEA) and the Western Indian Ocean Ma-
rine Science Association (WIOMSA) continue to fund various efforts on man-
grove conservation and restoration through mangrove organizations in the re-
gion, such as Western Indian Ocean Mangrove Network (WIOMN). This 
organization carry out various activities and initiatives pertaining to mangrove 
conservation and restoration, for instance, to address the issue of language 
barrier in implementation of mangroves conservation and restoration strate-
gies. Currently the organization is working on production of a policy brief and 
field handbook for mangrove restoration, which will be translated into four 
main languages of the WIO region. However, these projects face many obsta-
cles, including inefficient management strategies (Bosire et al. 2015) and in-
sufficient community awareness on the importance of coastal ecosystems and 
their conservations (Duarte et al. 2008, Cullen-Unsworth et al. 2014).  

Seagrass ecosystems 

 
Overview, distribution and coverage  
 
Seagrasses are monocotyledonous marine angiosperms (flowering plants) 
adapted to live and complete their entire life cycle submerged in seawater 
(Hemminga and Duarte 2000, Björk et al. 2008).There are about 72 species of 
seagrasses belonging to 14 genera worldwide (Short et al. 2011), growing 
along all continental shores  (except Antarctica), to a maximum depth of up 
about 50 m, depending on water transparency (Hemminga and Duarte 2000). 
Half of the species occurs in tropical environments and the other half in tem-
perate waters (Short et al. 2007). In the East African coast and Islands of the 
WIO, fourteen species of seagrass have been reported (Gullström et al. 2002, 
Ochieng and Erftemeijer 2003, Gullström et al. 2006, Duarte et al. 2012), 
though the actual area covered by seagrass beds is less understood due to in-
adequate mapping as a result of inaccessibility (Esteban et al. 2018).  
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This is not only true for the WIO region; due to a lack of extensive inven-
tories, the precise global area covered by seagrasses is still unclear. This is 
probably due to limitations in the most common mapping techniques used for 
vegetation assessments and the fact that seagrasses grow submerged or par-
tially submerged. Subsurface image analysis is always more complex than that 
performed in terrestrial environments, as seawater attenuates and reflects light 
and energy from the electromagnetic spectrum (Wood 2012), preventing ac-
curate estimates of seagrass distribution and coverage using efficient tech-
niques such as  areal satellite imagery or pictures taken by planes or drones 
(Knudby and Nordlund 2011). These techniques are believed to be useful and 
precise in estimating the distribution and coverage of seagrass (Kovacs et al. 
2018, Phinn et al. 2018). This has left researchers with a choice to rely on 
time-consuming and costly field-based methods like diver-camera or side-
scan sonar-based devices (McKenzie et al. 2001). However, earlier studies es-
timated a coverage of 177,000 km2 (Green et al. 2003) whereas more recent 
estimations show ranges from 177,000 km2 up to 600,000 km2 (Duarte et al. 
2008, Nellemann and Corcoran 2009, McLeod et al. 2011, McKenzie et al. 
2020). As many regions with large seagrass meadows (e.g. Bahamas and In-
donesia), have not been fully charted, the later estimate is most probably un-
derestimated. 
 
Carbon storage and sequestration in tropical seagrass beds  
 
Seagrass beds are among the most efficient natural ecosystems in capturing 
and sequestering atmospheric CO2 (McLeod et al. 2011, Serrano et al. 2019). 
The storage of carbon in seagrass beds are temporary (short-term) when stored 
in the plant biomass and long-term (up to millennia) when stored in the un-
derlying sediments. Sedimentary Corg storage is more effective and safe means 
of storage (Mateo et al. 1997, Mateo et al. 2006, Pendelton et al. 2012,Yoshida 
et al. 2019). In global average, seagrass plant biomass has a carbon storage 
potential of around 2.52 Mg C ha-1, with 75% of it, stored in below ground 
biomass, whereas, their sediments have a carbon storage potential of roughly 
165.6 Mg C ha-1 in top metre (Fourqurean et al. 2012). Seagrass meadows 
account for 10–15% of the sequestered Corg in the ocean, though it covers less 
than 0.2 % of the area of World Ocean (Duarte et al. 2005, Kennedy and Björk 
2009).  Seagrass meadows has carbon burial rates ranging from 2–259 g C m-

2 yr-1 (Cebrián 1999, McLeod et. 2011, Duarte et al. 2013a, Serrano et al. 2014, 
2016, 2018, Rozaimi et al. 2016, Cuellar-Martinez et al. 2019, Arias-Ortiz et 
al. 2018, Sanders et al. 2019, Bedulli et al. 2020, Lopez-Mendoza et al. 2020, 
Martins et al. 2021). Tropical terrestrial forest covers more than thirty-two 
times the area of seagrass, yet seagrass carbon burial rate is over twenty-eight 
times that of tropical terrestrial forest (McLeod et al. 2011). The high capacity 
of seagrass meadows to store substantial amount of carbon, stem at their high 
primary productivity (Duarte et al. 2010), efficiency in trapping allochthonous 
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carbon and a low decomposition rate of their organic matter (Kennedy et al. 
2010a, McLeod et al. 2011) owing to the anoxic nature of their environments. 
Although seagrass has the potential to store Corg, either in plant biomass or in 
sediment, their storage capacity varies greatly between species and regions 
(Mateo et al. 2006). This is because, there is  a large variation among different 
seagrass species and meadows in terms of ability to capture CO2 in photosyn-
thesis, morphology and environmental settings (Falkowski et al. 2000), and 
pathway between atmosphere and sink is not entirely understood (Ciais et al. 
2014, Krause-Jensen and Duarte 2016, Duarte and Krause-Jensen 2017).  

The direct pathway of CO2 import from the atmosphere to seagrass mead-
ows is influenced by environmental factors such as pH, partial pressure of CO2 
and biological processes such as photosynthesis (Tokoro et al. 2014, 2018). 
pH changes in marine environments is largely controlled by photosynthesis 
(Semesi et al. 2009a) and respiration (Semesi et al. 2009b). In tropical coastal 
waters, seagrass photosynthetic activities raise pH of surrounding waters, 
which in turn favours the calcification process in calcareous macroalgae 
(Semesi et al. 2009a). Calcification is a source of CO2 (Frankignoulle and Dis-
tèche 1984) which might increase the partial pressure of CO2 and thereby af-
fect fluxes of CO2 from the atmosphere. This especially true in tropical areas 
where many seagrass meadows contain substantial amount of calcifying ani-
mals (Aleem 1984) and calcareous algae (Gullström et al. 2006, Semesi et al. 
2009a).  The fate of this CO2 when released to their immediate surroundings 
is however unknown (as conceptualized in Figure 2). Nevertheless, the result-
ing CO2 may either increase the partial pressure of dissolved CO2 (pCO2 (diss)) 
and allow efflux of CO2 to the atmosphere or be used for photosynthesis. Since 
there is a chance of releasing CO2 from community respiration, the pathway 
of CO2 from the atmosphere to tropical submerged marine plants is complex 
(Fig. 2).  

Field study of CO2 flux over extremely productive Mediterranean seagrass 
meadows, revealed efflux of CO2 (sea to atmosphere) (Frankignoulle and Dis-
tèche 1984). The same study in Japan revealed that seagrass meadows are di-
rect CO2 sinks, with fluxes directed from the atmosphere to the sea (Tokoro et 
al. 2008, Tokoro et al. 2014, Tokoro et al. 2019). Many studies in the literature 
(also including this thesis), show that the capture and storage of carbon de-
pends on local environmental factors (Tokoro et al. 2008, Tokoro et al. 2014). 
These factors are, landscape configuration and transformation (Gullström et 
al. 2018, Ricart et al. 2015, Ricart et al 2017, Asplund et al 2021), habitat 
connectivity (Ricart et al. 2017, Huxham et al 2018, Asplund et al. 2021),  as 
well as carbon import and export (e.g. Duarte and Krause-Jensen 2017). Air–
water CO2 flux in shallow coastal waters has so far not been as well quantified 
as the fluxes in the open ocean and continental shelves (Tokoro et al. 2019). 
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Figure 2. Conceptual illustration of the carbon sequestration process in tropical 
seagrass meadow and factors influencing the process. Illustrations: Mangrove plant, 
phytoplankton community, and 2D coastline (modified) by Tracey Saxby, Integration 
and Application Network (www.ian.umces.edu/media-library), seagrass plants by 
Catherine Collier, James Cook University (www.ian.umces.edu/media-library), 
Halimeda plants by Joanna Woerner, Integration and Application Network 
(www.ian.umces.edu/media-library), and terrestrial plant by Dieter Tracey, Terres-
trial Ecosystem Research Network Australia (www.ian.umces.edu/media-library).   

  
Factors influencing carbon sequestration in tropical seagrass meadow 
 
Importance of seascape configuration 

 
The variation in sedimentary Corg storage capacity within and among seagrass 
habitats is large (McLeod et al. 2011, Serrano et al. 2019, Dahl 2016a, 2016b). 
One explanation for this is that the surrounding marine landscape (seascape) 
could greatly influence the carbon storage capacity (Lavery et al. 2013, Ricart 
et al. 2015, Gullström et al. 2018, Ricart et al. 2020, Asplund et al. 2021). It 
is possible to understand and address the influence of seascape configuration 
on seagrass carbon sequestration and storage, which are processes responsible 
for the accumulation of allochthonous carbon (Fig. 2), by incorporating land-
scape-modelling methodologies. On landscape scales (kilometers scale), pro-
cesses driving Corg accumulation and connectivity between habitats (e.g. man-
groves and seagrass meadows) varies (Gullström et al. 2018, Ricart et al. 2020, 
Asplund et al. 2021). Gullström et al. (2018) found a strong influence of the 
spatial arrangement of the coastal landscape on sediment carbon stocks. The 
authors found higher levels of organic and inorganic carbon content in 
seagrass sediment within large continuous seagrass meadows compared to 
more diverse or fragmented seascapes. Accumulation of blue carbon stocks  
and long-term carbon storage has been shown to be influenced by variables 
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such as small-scale patch heterogeneity (Ricart et al. 2015) and allochthonous 
input from nearby environments (Smith 1981, Duarte and Cebrián 1996, 
Mateo et al. 1997, Gonneea et al. 2004, Kennedy et al. 2010b).   

Seascape configuration influences the variability of organic matter ex-
change within and between coastal habitats in tropical and subtropical locali-
ties (Bouillon et al. 2009, Ricart et al. 2017, Gullström et al. 2018,  Huxham 
et al. 2018, Asplund et al 2021). Hydrodynamic forces (SamperVillarreal et 
al. 2016), tidal movement (Slim et al. 1996), as well as animals eating in dif-
ferent habitats within the seascape (Kneib 1997) form link of Corg between 
habitats. This creates numerous and intricate carbon transport channels 
throughout the seascape (Bouillon and Connolly 2009, Regnier et al. 2013, 
Fan et al. 2021), making quantification and analysis of Corg storage and stocks 
difficult. Few studies have confirmed the exchange of Corg between mangroves 
and seagrass beds (e.g. Slim et al. 1996, Bouillon and Connolly 2009), but 
nothing is known about how the intensity of this relationship varies spatially 
throughout a coastal landscape driven by land-use change. Paper IV, in this 
thesis provides information on how landscape configuration and land-use 
change influences carbon storage levels in seagrass meadows.  
 
Transformation on the coastal seascape and conservation of blue carbon habitats 

 
The coastal environment includes a large variety of different vegetation-cov-
ered habitats, that due to their high productivity and effectiveness in trapping 
and storing organic material, serve a vital role as natural carbon sinks and 
thereby protecting critical climate regulation services (McLeod et al. 2011). 
These carbon sinks are significantly modified and restructured in human fa-
vour (Foley et al. 2005). Human dependence on coastal resources is increasing 
as population density rises (Crossland et al. 2005, Pittman et al. 2019), putting 
significant strain on the land–sea interface from anthropogenic activities 
(Sloan et al. 2007, Khamis et al. 2017, Staehr et al. 2018).  

In many tropical coastal cities, urban development and the rise of tourism 
sectors are key drivers of land-use change. In the WIO region, particularly, 
Zanzibar and Mauritius,  many mangrove and seagrass areas have been re-
moved for the construction of hotels and resident flats (Fig. 3a) due to boom-
ing tourism industry and population growth (Daby 2003, Khamis et al. 2017, 
Staehr et al. 2018, Purvis and Jiddawi 2021). Population expansion is inextri-
cably linked to the need for food and wealth, prompting artisanal fisheries in 
which locals scrape mangrove sediments for the purpose of extracting bristle 
worms for use as fish bait (Fig.3b & 3c). Because of human-caused stress, the 
global distribution of mangroves and seagrass beds has declined by roughly 
one-third in the last several decades (Waycott et al. 2009, Spalding 2010, 
McLeod et al. 2011).  

In tropical areas, 60.7% of the stored carbon is lost  per year (Beran 2013) 
due to deforestation of coastal ecosystems. Such kind of a rapid land-use 
change in coastal seascape will have a significant impact on coastal carbon 
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dynamics (e.g. Pastick et al. 2017, Trevathan‐Tackett et al. 2018). This is be-
cause, habitat composition and link across land–sea interface regulate major 
processes in the highly productive coastal environment, which are in turn in-
fluenced by global environmental change (Grober-Dunsmore et al. 2009, 
Oleson et al. 2018). Seagrass beds are quickly deteriorating (Orth et al. 2006, 
Waycott et al. 2009, 2018, Unsworth et al. 2018), with a 50% loss of seagrass 
habitat during the 1990s and a 7% global loss rate every year (Waycott et al. 
2009, McLeod et al. 2011). Although the extent of seagrass loss in the whole 
WIO region has no yet quantified and reported, multiple studies based on 
small areas, have revealed decreased seagrass distribution due to anthropo-
genic disturbances resulting from development of tourism sector and popula-
tion growth (Daby 2003, Cuvillier et al. 2017, Purvis and Jiddawi 2021). 

In Zanzibar, several studies have revealed links between human activities 
and seagrass cover decline in certain locales of the Island (Alonso 2018, 
Nchimbi and Lyimo 2019, Purvis and Jiddawi 2021), but no estimates for the 
entire Island have been made. 

In Mauritius, clearing seagrass beds to make bathing more pleasant re-
sulted in a loss of 65 and 72% dry weight biomass of Halodule uninervis and 
Syringodium isoetifolium, respectively, accompanied by highly turbid water 
overlaying a destabilised seabed and complete loss of sediment infauna (Daby 
2003). 

The gain and loss rate of seasonal (few months) seagrass cover in Reunion 
Island was not significantly different with gain and loss rate of seagrass cover 
over the long-term period (over 65 years), but the loss rate   is  higher than the 
gaining rate of seagrass cover in both timescales (Cuvillier et al. 2017). Pri-
mary loss of seagrass cover in the Reunion Island was attributed to both natu-
ral (cyclones) and anthropogenic influences (Cuvillier et al. 2017).  

To ensures conservation of blue carbon ecosystems, projects on the carbon 
credits has been established to finance blue carbon ecosystems conservation, 
restoration, and management initiatives (Hejnowicz et al. 2015). Carbon cred-
its are issued following the creation and implementation of a project connected 
to carbon ecosystem protection and restoration (He 2016). Depending on the 
activities carried out by the project, the project designer could be granted a 
certain standard of carbon credits, each with its own price in the carbon market 
(He 2006) e.g. gold standard, verified carbon standard (VCS), VCS and social 
carbon or VCS and climate, community and biodiversity standard (CCBS). 
The mangrove restoration and reforestation project in Gazi Bay, Kenya, has 
achieved yearly carbon credit sales (He 2016), indicating that carbon credits 
projects are feasible and implementable in the WIO region.  

Research to investigate various management strategies and techniques for 
serving and restoring blue carbon ecosystems have been carried out (Kelleway 
et al. 2020). The authors’ proposed five promising techniques to restore and 
conserve blue carbon ecosystems, which ‘avoided disturbance of existing 
mangroves, tidal marshes, and seagrasses’ performed significantly better in 
restoration and creation of mangroves, tidal marshes, and seagrasses than, for 
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example, the technique of avoiding acts that leads to re-mineralization of ex-
isting stocks. 

There are several common challenges facing seagrass conservation glob-
ally (Unsworth et al. 2019). Conservation and restoration efforts are hampered 
by society's lack of understanding and appreciation of seagrass ecosystem ser-
vices, (e.g. linkages between seagrass and climate change). In addition, there 
are uncertain status of many seagrass beds around the world. Restoration is 
also exceedingly expensive and time-consuming, and most restoration initia-
tives fail for a variety of reasons, therefore conservation should be empha-
sized. If these and other challenges will not be addressed, excessive loss of 
carbon-rich ecosystems along the coastal interface will prevail and, may result 
in sediment erosion (Dahl et al. 2016a, 2016b) and an enhanced export to 
nearby areas (Duarte and Krause-Jensen 2017).  

Continued degradation and loss of vegetated coastal habitats is therefore a 
global threat to natural blue carbon sinks (Pendleton et al. 2012). To effec-
tively address the strength and spatial patterning of ecological processes in the 
complex coastal environment, it is crucial to comprehend the interaction of 
landscape configuration, land-use change, and ecosystem deterioration. The 
protection of hotspot carbon-sink ecosystems for management objectives 
could help to a nature-based solution against rising greenhouse gas emissions. 
However, determining the dynamics and fate of carbon in dynamic seascapes 
impacted by anthropogenic pressure, high-energy water movements, geo-
graphical heterogeneity, and structurally complex habitats, is difficult, and 
hence also strategies for implementing efficient management measures. This 
thesis, presents basic scientific information for the increased understanding on 
dynamics and fate of carbon in mangrove-seagrass seascapes impacted by an-
thropogenic stressors (urbanization and mangrove degradation) (papers I & 
IV), and to assess the feasibility of using marine protected areas (MPAs) to 
conserve sedimentary Corg and blue carbon ecosystems in general (paper V). 
We consider this as, an important and basic move towards addressing the 
problem and establishment of effective conservation measures of blue carbon 
hotspots. 
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Figure 3. Examples of human use that influence mangrove areas. Hotel built at the 
vicinity of mangroves area at Mbweni, Zanzibar (3a). Mangrove cutting: pneumato-
phores have excavated during polychaete worms extractions at the Stone Town, Zan-
zibar (3b). Diggings of mangrove sediments for extraction of polychaete worms for 
fish baits at Mbweni, Zanzibar (3c). Photos by Rashid Ismail 

 

Seagrass structural complexity  

 
Carbon storage variability in seagrass sediments has been linked to multiple 
factors and processes, whereof one is the structural complexity, such as can-
opy heights and densities, of seagrasses (Samper‐Villarreal et al. 2016, 
Gullström et al. 2018)(e.g. in Fig.  4). The structural complexity of seagrass 
beds, is principally responsible for controlling water flow velocity (Fonseca 
and Fisher 1986). Reduction of seagrass cover, canopy height, and shoot den-
sity increases water flow velocity, reduces settlement, and increases erosion 
of particulate Corg (Wilkie et al. 2012, Samper‐Villarreal et al. 2016).  

Seagrass leaves are able to trap CO2, which is then utilised in the photo-
synthetic process, where it is transformed to Corg (Beer et al. 2014), and stored 
as autochthonous carbon. Seagrass structural complexity allows them to trap 
and store a variety of carbon sources, including terrestrial carbon supplied to 
coastal waters (Mateo et al. 2006, Kennedy et al. 2010a). The sedimentary 
carbon pool in seagrass beds is composed of 50–72% derived from terrestrial 
carbon sources (i. e. allochthonous carbon; Gacia et al. 2002, Kennedy et al. 

a 

b c 
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2010b). The effectiveness of seagrass beds as carbon sinks is derived from 
their ability to store carbon both directly in living tissues, and indirectly by 
enhancing material entrapment and preventing erosion of external and internal 
carbon pools (Kennedy et al. 2010b, McLeod et al. 2011). It has been found 
that an overall increase of carbon storage in seagrass sediments can be con-
tributed to the addition of allochthonous carbon via increased seagrass struc-
tural complexity (Kennedy et al. 2010b, Duarte et al. 2013b). 

 Seagrass beds of lesser structural complexity dominated by small pioneer 
species (e.g. Halophila ovalis, Fig. 4) had comparatively low carbon content 
(Rozaimi et al. 2013, Samper‐Villarreal et al. 2016) compared to species with 
a higher structural complexity such as Posidonia australis (Rozaimi et al. 
2013). Overall, these observations suggest that seagrass structural complexity 
is an important factor influencing carbon storage in seagrass beds. However, 
the carbon content for H. ovalis has previously been reported to be higher than 
more structurally complex species (Lavery et al. 2013) despite their lower 
seagrass structural complexity and hence less effective at decreasing water 
flow rates, and therefore promoting particle deposition and protecting sedi-
ments from erosion (Fonseca and Fisher 1986; Bos et al. 2007). The latter 
observation could be because H. ovalis is a pioneer species, which colonises 
habitats not pre-occupied by other species and has nothing to do with the level 
of Corg found. In other hand, comparison to other species, the allocation of leaf 
biomass and rhizome closer to the sediment-water interface has been proposed 
as a major element in H. decipiens sediment stabilization effects (Fonseca and 
Fisher 1986). This reason could also explain high carbon contents found in H. 
ovalis habitats, especially when they are located close to an estuary (high or-
ganic loading), most likely alters carbon level. Skimming flow can emerge 
under a dense seagrass canopies, reducing their ability to collect particles and 
potentially resulting in low carbon content in their sediments (Wilkie et al. 
2012). 
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Figure 4. Comparison of canopy height between the seagrass species forming the tall-
est canopy (Enhalus acoroides) and lowest canopy forming seagrass species (Hal-
ophila ovalis) in the WIO region. Illustrations by Catherine Collier, James Cook Uni-
versity (www.ian.umces.edu/media-library) 

 
Sediment properties  

 
The features of seagrass sediment, such as density, porosity, compaction, and 
particle size, can indicate how well it stores Corg (Avnimelech et al. 2001, Dahl 
et al. 2016a). Carbon sequestration and storage capacity are influenced both 
by processes affecting the amount of derived allochthonous carbon in the 
seagrass sediment (Agawin and Duarte 2002), and by sediment composition 
(Dahl et al. 2020). Low sediment compaction and low sediment density (high 
porosity) are associated with higher Corg storage in seagrass sediment 
(Avnimelech et al. 2001, Dahl et al. 2016a, Röhr et al. 2016, Gullström et al. 
2018). Dahl et al. (2020) found that high hydrodynamic pressure causes sedi-
ment compaction, resulting in increased sediment density and higher Corg and 
nitrogen accumulation in the sediment. In seagrass ecosystems, including tem-
perate (Dahl et al. 2016a, Röhr et al. 2016) and tropical seagrass sediments 
(Gullström et al. 2018), sedimentary Corg stock levels were inversely related 
to sediment density and thus positively related to porosity (Avnimelech et al. 
2001).  
 
Carbon import and community respiration 

 
After photosynthetic uptake of atmospheric CO2, the trapping and storage of 
allochthonous carbon by seagrass habitats is a critical and fundamental mech-
anism that makes the seagrass ecosystem an effective carbon sink (Kennedy 
et al. 2010b, Cai 2011, Lavery et al. 2013). However, importing allochthonous 
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Corg could result in an increase in CO2 generation (Cai 2011) due to the break-
down of imported organic matter, turning the system into a carbon source ra-
ther than a sink if the CO2 created is not re-fixed by the system (conceptual 
Fig. 2). 

The ratio of photosynthetic (P) and respiration (R) rates, (i.e. the P:R ratio), 
is the most commonly used method for determining whether seagrass systems 
may function as a carbon sink (i. e. net autotrophy; Duarte et al. 2010). Both 
species composition and environmental conditions can affect the P:R ratio 
(Duarte 1991, Abal and Dennison 1996, Udy and Dennison 1997, Duarte and 
Chiscano 1999). The P:R approach revealed that the capacity of seagrass 
meadows to function as carbon sinks varies greatly between latitudes and bi-
ogeographical areas (Duarte et al. 2010). Seagrass meadows, in general, have 
a relatively high respiration rate, which corresponds to their high productivity 
(Gattuso et al. 1993, Dahl et al. 2016b, Deyanova et al. 2017). 

As a result, much of the CO2 required for photosynthesis can be obtained 
from the internal cycling of both autochthonous and allochthonous biological 
material (conceptual Fig. 2). In tropical seagrass meadows, mainly with a large 
number of calcifiers, the scenario may be different because of the additional 
CO2 produced by the calcification process (papers II & III). Therefore, the 
concern is whether CO2 produced from respiratory breakdown of autochtho-
nous and allochthonous material, as well as calcification, will counteract the 
carbon sequestration function of tropical seagrass meadows, shifting the sys-
tem from sink to source (conceptual Fig. 2) 

 
The calcification process in calcareous macroalgae 

 
Calcification is the precipitation of CaCO3 from a calcium ion (Ca2+) and in-
organic carbon (Ci) present either in the form of carbonate ion (CO3

2-), bicar-
bonate ion (HCO3

-), or in CO2, depending on the calcareous species and pH 
of the generated microenvironments. The precipitation and integration of cal-
cium carbonate on the surface, or inside the cell  structure of calcareous or-
ganisms, is referred to as biogenic calcification (Serikawa et al. 2000). The 
calcification process is represented by simple equations: 
 

Ca2+ + 2HCO3
- → CaCO3 + H2O + CO2    (pH of the sea ~ 8.1)        (3) 

Ca2+ + CO3
2-      → CaCO3                          (pH > ~9)                                     (4) 

Ca2+ + CO2 + H2O → CaCO3 + 2H+                      (pH < ~8.1)                      (5) 
 

Formulae and pH estimation concept was generated according to Beer et al. 
(2014)                                                                                                                                         

As a consequence of the equations above, calcification is potentially a net 
CO2 producer (by its reducing effect on pH). Calcification and photosynthesis 
are connected in most calcifying algae in terms of pH regulation. Photosyn-
thesis generates a shift in the carbonate system due to CO2 uptake, resulting 
in a rise in pH. This increases the level of HCO3

-, CO3
2-, and the saturation 
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state of calcium carbonate (ΩCaCO3), which favours the reaction of Ca2+ with 
CO3

2- to form CaCO3  and CO2 (Beer et al. 2014). Therefore, at high pH, equa-
tion (4) is likely to occur, whereas equation (3) occurs under normal water pH. 
Equation (5) occurs under low pH, of which is tricky, as low pH means a low 
calcium carbonate saturation state, which indicates dissolution. In such condi-
tions precipitation might not occur at all.  

High calcification might hinder its own occurrence by decreasing pH and 
total alkalinity (TA) through increasing of CO2 concentration (that may escape 
to the atmosphere) (De Beer and Larkum 2001), as CaCO3 precipitates (Frank-
ignoulle et al. 1994). The amount of carbon that can be lost from seawater as  
CaCO3 is precipitated varies in marine systems, though as a general rule, it has 
been suggested that for every mol of CaCO3 generated, pH drops enough to 
release 0.6 mol of CO2 (Ware et al. 1992).  However, amount of CO2 released 
by calcification into the system will largely be determined by the ΩCaCO3 and 
pH (Leclercq et al. 2000), which both are dependent on seagrass and macroal-
gal productivity (Gattuso et al. 1995, Semesi et al. 2009a, Buapet et al. 2013). 
 
ΩCaCO3 is calculated as: 
 

                                                                   (6) 
                                                                                               

                                                                                          
 
Where K’sp is the stoichiometric solubility product of CaCO3. Since Ca2+ con-
centration ([Ca2+]) is essentially constant (Kleypas et al. 1999) in seawater, 
CaCO3 formation is determined by CO3

2- concentration ([CO3
2-]), occurrence 

of which is dependent on pH. Thus, as pH rises due to CO2 depletion, [CO3
2-] 

and Ω will also increase and calcification will be enhanced (Beer et al. 2014). 
Therefore, Ω is a state, which is defined as when the solid state of CaCO3 in a 
liquid medium is in equilibrium with CaCO3 in solution. Low saturation levels 
(<1) can trigger CaCO3 dissolution, while if the levels are high (≥1), CaCO3 
precipitates (Gattuso et al. 1998). 

Seagrass photosynthetic CO2 consumption is capable of increasing pH of 
their surrounding waters and in that way enhance within-meadow carbonate 
formation (Semesi et al. 2009a). This may partially counteract carbon seques-
tration in the meadow by influencing the CO2 balance, especially when also 
considering the substantial amount of CO2 that can be released by calcifying 
animals (e.g. Ware et al. 1992),  and the fact that seagrasses may also generate 
carbonate structures in their leaves (Enrquez and Schubert 2014). This sce-
nario is valid for tropical seagrass beds that support large numbers of calcifi-
ers, particularly green calcareous macroalgae like Halimeda species (Fig. 5) 
(Walker and Woelkerling 1988, Oliveira et al. 2005, Gullström et al. 2006), 
and coralline algae (Walker and Woelkerling 1988). A coexistence of produc-
tive macrophytes and calcifying organisms (e.g. in Fig. 5, 7–9 & 12) may 
thereby generate a natural circulation of CO2 within the system with less need 
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of input of atmospheric carbon (see conceptual Fig. 2). Study and understand-
ing this coexistence in terms of CO2 circulations, will eventually add 
knowledge on whether the amount of CaCO3 in the sediment of many seagrass 
meadows should be included in the blue carbon science. Although large 
amounts of CaCO3 in the sediment of many seagrass meadows (Mazarrasa et 
al. 2015) undoubtedly constitute a major carbon stock, parts of this stock will 
still be considered as a source of CO2, as suggested earlier (e.g. Serrano et al. 
2012). Thus, to understand net carbon sequestration rates in seagrass mead-
ows, the strength and variability of both primary productivity and within-
meadow calcification is a pressing requirement (Papers II & III).   
 

 

Figure 5. Halimeda spp. mixed with Thalassia hemprichii at Chwaka Bay. Photo by 
Maria Asplund  

 

Temperature, salinity, pH, CO2 partial pressure and solubility 

 
The direct pathway for ocean capture of atmospheric CO2 (air–water flux) is 
complex and relatively unknown, as the mechanisms controlling air–water 
CO2 fluxes is influenced by multiple, diverse and dynamic factors, particularly 
environmental conditions (Tokoro et al. 2019). Understanding this pathway 
becomes even more problematic when addressing air–water CO2 fluxes in 
coastal shallow waters (Tokoro et al. 2018, Tokoro et al. 2019) with fluctuat-
ing environmental conditions. For instance, in tropical shallow waters, there 
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are high fluctuations in environmental conditions (temperature in particular, 
George et al. 2018). Environmental factors influence the CO2 transfer because 
dissolution of atmospheric CO2 in the water depends on ambient environmen-
tal conditions. For example, in order to get 1.4 g of CO2 to dissolve in 1 L of 
freshwater, the water temperature should be 25 oC with 1 atmospheric pressure 
(Tokoro et al. 2018). Similarly, at a salinity of 35 and a water temperature of 
20 oC under an atmospheric CO2 concentration of 394 ppm will result in a 
dissolution of CO2 into the seawater at a concentration of ~305 ppm (Beer et 
al. 2014).  

The direction of CO2 fluxes, either from water to atmosphere (efflux) or 
from atmosphere to water (influx), depend on the difference in CO2 partial 
pressure (pCO2) between air and water (Takahashi et al. 2009, Tokoro et al. 
2014, Tokoro et al. 2018, Yasunaka et al. 2018, Tokoro et al. 2019). The 
pCO2(diss) is in turn influenced by several factors such as CO2 solubility and 
water temperature (Tokoro et al. 2018, Tokoro et al. 2019). The solubility of 
CO2 in water decreases as temperature increases, suggesting that CO2 mole-
cules in warmer water ultimately flow from water to the atmosphere (Tokoro 
et al. 2019). This is why, at low temperatures atmospheric and dissolved CO2 
concentrations are closer to one another (Beer et al. 2014).  

In seawater, salinity has effects on the CO2 solubility, which directly affects 
CO2 transfer and indirectly influences pCO2 through changing and complicat-
ing the carbonate system equilibria (salinity is closely correlated to dissolved 
inorganic carbon and total alkalinity) (Beer et al. 2014, Tokoro et al. 2019). 
This is especially true in tropical shallow coastal waters, where the fluctuation 
of salinity and other environmental conditions are high (due to tidal movement 
and freshwater intrusion). The reaction of water and CO2 (according to equa-
tion 7) generates H2CO3, which subsequently dissociates to HCO3

- and CO3
2- 

forms. This reaction and equilibrium of inorganic ionic forms (HCO3
-, CO3

2-) 
with other Ci is depending on pH (Beer et al. 2014). 
 
CO2 (atm)  ↔ CO2 (diss) + H2O ↔ H2CO3↔ HCO3

- + H+ ↔CO3
2- + 2H+           (7) 

 
However, under higher salinities, there is less CO2 dissolution at any given 
concentration of CO2, and therefore dissolution and availability of ionic inor-
ganic carbon forms in the seawater can be influenced by salinity and pH. In 
open waters of 8.1 pH, 20 oC and salinity of 35, concentrations of ionic forms 
of inorganic carbon are present in excess to dissolved CO2 (Beer et al. 2014), 
and these ions partially compensate for changes of pCO2, or simply are im-
portant components of seawater TA  (Tokoro et al. 2018, Tokoro et al. 2019).  
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Dissolved inorganic carbon (DIC) and total alkalinity (TA) 

 
DIC and TA govern the buffer capacity of seawater (due to decrease or in-
crease of pH). DIC is the sum of all inorganic carbon species (CO2 (diss), HCO3

-

, and CO3
2-) dissolved in water, whereas TA is a rough indication of the po-

tential amount of CO2 (diss) that can dissociate into bicarbonate (HCO3
-) and 

carbonate (CO3
2-) ions (Dickson et al. 2007). TA indicates the excess positive 

electrical charge contributed by the conservative cations (e.g., Ca2+, Mg2+, K+, 
and Na+) versus the conservative anions (e.g., Cl- and SO4

2-). Waters with high 
TA and high DIC has low pCO2 (as many of dissolved inorganic carbon is in 
form of HCO3

- and CO3
2- to balance excess positive charge) and the flow di-

rection of CO2 is from air to water (water becomes sink for CO2) and vice 
versa is true. Therefore, pCO2 affects the air–water flux, but HCO3

- and CO3
2- 

are not affected since they are electrically isolated in water.  
 
Biological processes  

 
Human-induced modifications of tropical shallow coastal vegetated ecosys-
tems, particularly seagrass meadows, has impact on biological processes such 
as photosynthesis and respiration (Dahl et al. 2016b, Deyanova et al. 2017, 
Lyimo et al. 2018, George et al. 2020), which in turn also influences  the air–
water CO2 transfer (Tokoro et al. 2019). pCO2 (diss) is also affected through the 
pH increase from photosynthesis, as well as by the pH decrease from respira-
tion and calcification (Semesi et al. 2009a, Semesi et al. 2009b, Beer et al. 
2014). Photosynthetic uptake of CO2 and respiration affects DIC, whereas cal-
cification affects DIC, TA and, pCO2 (diss) (Semesi et al. 2009a, Beer et al. 
2014, Tokoro et al. 2014, Tokoro et al. 2018).  
 
Based on the arguments in the above section, it is apparent that the pathway 
of CO2 transport from the atmosphere to a natural sink is complex, and that it 
is difficult to point out any single and important factor governing this pathway. 
However, since the pCO2 gradient between atmosphere and water regulates 
the direction/pathway of CO2 fluxes (air–water/water–air) and, is determined 
by complex interactions between diverse environmental conditions and bio-
logical processes, it is important that pCO2 is directly determined/measured in 
situ using multiple relevant techniques (Tokoro et al. 2018, Tokoro et al. 
2019), including direct methods. This thesis provides data and a discussion on 
air–water CO2 fluxes determined directly in the tropical coastal ocean using a 
direct methodology (i.e. floating chamber technique) (papers II & III).  



22 

Scope of the thesis 

The overall goal of this thesis is to investigate and understand the carbon sink 
function of tropical seagrass beds under the influence of carbon import, plant 
community composition, seascape configuration and anthropogenic disturb-
ances. This thesis aim to identify factors that influences direct and indirect 
carbon flow pathways from the atmosphere to seagrass beds (natural carbon 
sink) and investigating conservation measures suitable for managing and con-
serving carbon sinks within tropical and subtropical coastal environments of 
the western Indian Ocean. 

 
More specifically the objectives were to: 
 

I. study the impacts of mangroves clearing (land-use change) and urban 
development on carbon accumulation rate (CAR), stocks and source 
composition in tropical seagrass beds 
 

II. study and understand the influence of calcification and plant compo-
sition on direct carbon flow pathway (air–water CO2 transfer/CO2 cy-
cle) in tropical seagrass beds, using mesocosm setups  

 
III. study and investigate the influence of plant community composition, 

productivity, and allochthonous carbon import on direct carbon flow 
pathway (air–water  CO2 transfer/CO2 cycle) in tropical seagrass 
beds, by developing a numerical carbon simulation model 
 

IV. explore the influence of landscape configuration and degradation of 
adjacent mangroves on the dynamics and fate of organic carbon in 
seagrass habitats 

  
V. determine sedimentary carbon stock levels and the role of marine pro-

tected areas for climate mitigation and conservation of blue carbon 
ecosystems across a tropical-subtropical latitudinal continuum 
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Study areas and comments on method used 

Study sites 

 
This thesis included field and mesocosm experimental setups, as well as a car-
bon flow simulation model that was used to calculate carbon balance, utilizing 
data from current field experiments and literature. All fieldworks were per-
formed at study sites in the Western Indian Ocean (WIO), specifically at Zan-
zibar (Unguja Island), the Tanzania mainland, the southern parts of Mozam-
bique and the north-western part of Madagascar (Figure 6). Fieldwork for pa-
per I was conducted in Stone Town and Mbweni, both located on the west 
coast of Unguja Island, Zanzibar, Tanzania (Fig. 6b), and dominated by 
Thalassia hemprichii (Ehrenberg) Ascherson meadows. Site selection was 
based on urbanization history and age, Stone Town (long-time progressive 
urbanization since 1840), and Mbweni (recent progressive urbanization since 
2000). A controlled mesocosm study in paper II was set at one of the open 
area in the premises of Institute of Marine Sciences, Buyu campus, Zanzibar. 
Paper III was based on field measurements and a carbon flux simulation 
model, which was also supplemented with literature data. Fieldwork for paper 
III and collections of plant materials for the mesocosm set up (paper II) were 
carried out in Chwaka Bay (Fig. 6b) on the east coast of Zanzibar. The re-
search for paper IV was conducted in a mangrove–seagrass interface in the 
southeast part of Tsimipaika Bay, in northwest Madagascar (Fig. 6a), a region 
that faced substantial degradation of mangroves within WIO region in a short 
period during 1990 to 2010. The fieldwork of paper V was conducted in three 
major regions along the eastern African coast covering tropical and sub-trop-
ical climate regime: mainland Tanzania (Pwani, Dar es Salaam, Mtwara, 
Lindi, and Mafia Island), Zanzibar (Unguja Island, Tanzania), which represent 
tropical climate,  and Mozambique (Bazaruto and Inhaca Islands, Inhambane, 
and Maputo city), covering subtropical (Fig. 6a). Sediment sampling in these 
climatic regions included marine protected and unprotected areas. 
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Figure 6. Map over the study areas and respective studies (I, III, IV & V) (a & b), 
and details of study areas in Zanzibar Island for papers I & III (b). Specifics of study 
areas within and outside MPAs in Tanzania, Zanzibar and Mozambique are given in 
paper V.  

Descriptions of studied plant communities 

 
Seagrass species 

 
Thalassia hemprichii (Ehrenberg) Ascherson 
 
This is a common tropical climax seagrass species that grows in soft substrate 
in low-energy shallow water in the intertidal and subtidal zones.  T. hemprichii 
has brownish scale of the rhizome covered with remains of dead sheaths, and 
mainly six linear leaves (10–30 cm long, 5 mm wide) that are in groups 
(Oliveira et al. 2005). It is a habitat building species, widely distributed along 
the coasts of Eastern Africa, India, Southeast Asia and Northern Australia 
(Green and Short 2003). In WIO region, T. hemprichii can form either mono-
specific or mixed meadows with other seagrass species or calcareous and non-
calcareous macroalgae (Semesi et al. 2009, Gullström et al. 2006, 2012). This 
species was studied in all papers I–V as is mostly distributed in the WIO re-
gion. 
 

a b 
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Figure 7. Monospecific meadow of Thalassia hemprichii (a) and mixed meadow of 
the same species with calcareous macroalgae Halimeda spp. (b) at Chwaka bay, Zan-
zibar. Meadows in this area are exposed during spring low tide and, white sediments 
is due to high contents of calcium carbonate. Photos by Rashid Ismail 

 
Thalassodendron ciliatum (Forsskål) den Hartog 
 
T. ciliatum is a common tropical climax seagrass species that thrives in the 
upper subtidal zone where it forms dense communities. T. ciliatum has a 
sparsely branching rhizome, long erect stems with up to ten leaves (15 cm 
long, 6–12 mm wide), and a 2 cm long leaf sheath (Oliveira et al. 2005). T. 
ciliatum is a habitat building species that prefers hard substratum. Due to this 
preference, is frequently found in tropical meadows mixed with calcareous 
macroalgae (Halimeda spp.) or coral reefs. In all of the study sites examined 
in this thesis, T. ciliatum occurs in part as monospecific or mixed meadows, 
either as patch or continuous, and is primarily discussed in Papers IV & V. 
 

Figure 8. Thalassodendron ciliatum meadow (a), coexisting with Halimeda spp. (b). 
Plants in this area are never exposed. Photos by Maria Asplund   

 

a b 

a b 
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Enhalus acoroides (Linnaeus f.) Royle 
 
Enhalus acoroides is a tropical climax and habitat building seagrass species 
that grows primarily in bays along deep channels and can withstand high tem-
peratures and nutrients (Oliveira et al. 2005, Artika et al. 2020). E. acoroides 
typically has a 1–1.5 diameter rhizome that is heavily coated by fibrous leaf 
sheath remnants. E. acoroides produce thick, unbranched roots (see also Fig. 
4) and inconspicuous erect shoots with leaves up to 1 m long. The Indian and 
western Pacific oceans are home to this seagrass species. They appears as 
monospecific or mixed meadows (with other seagrass species or calcareous 
macroalgae i.e. Halimeda spp.), in all of the study sites covered in this thesis. 
E. acoroides is extensively studied in this thesis, particularly in papers IV & 
V. 

 

 

Figure 9. Display of monospecific meadow of Enhalus acoroides in Chwaka bay (a) 
and mixture of E. acoroides and Halimeda sp (b). Photos by Maria Asplund and Sara 
Forsberg (a) and (b) respectively. 

 
Cymodocea spp. 
 
Cymodocea spp. are climax and habitat building seagrass species that can pro-
duce vast beds on soft substrata and calcareous sand at the lower intertidal in, 
both tropical and subtropical locations. Cymodocea rotundata Ehrenberg & 
Hemprich and Cymodocea serrulata (R. Brown) Ascherson & Magnus are 
two frequent Cymodocea species in the WIO region.  They have 2–3 cm long 
leaf sheaths that accumulate at the base of the erect stems. The leaves of these 
plants can grow to be 8–15 cm long and 3–4 mm wide (Oliveira et al. 2005). 
As described in papers IV and V, Cymodocea species are generally found in 
monospecific or mixed meadows with T. hemprichii. 
 

b a 
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Figure 10. Meadow composed of Cymodocea species at Tsimipaika Bay, Madagascar. 
Photo by Maria Asplund 
 
Calcareous algae 
 
Halimeda spp. 
 
In the WIO region, more than seven species of Halimeda are found (Oliveira 
et al. 2005). Halimeda spp. are green calcareous algae whereof Halimeda 
renschii is one of the most prevalent species in the WIO region. H. renschii, 
has a flattened erect thallus reaching a height of 8 cm (Oliveiraa et al. 2005) 
and can survive up to 150 m depth. Halimeda spp. play a significant role 
(90%) in the production of sediment in tropical coastal waters (Kangwe et al. 
2012, Verbruggen et al. 2007). In the eastern part of Zanzibar Island, 
Halimeda species contribute up to 50% of the sediments (Shaghude et al. 
1999), with more than 80% cover in the Northwestern part of the Chwaka bay. 
Halimeda is commonly found in a mixture with several seagrass species 
(Semesi et al. 2009a, Gullstrom et al. 2006, 2012). The field survey, in paper 
III included all Halimeda species that occurs in Chwaka bay.   
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Figure 11. Area covered by Halimeda stand, normally they are found coexisting with 
seagrasses but sometime they dominate the seagrass meadow (a), and Halimeda 
renschii which are mostly occurred (b). Photos by Maria Asplund and Rashid Ismail 
(a) and (b) respectively  

 

Hydrolithon reinboldii (Weber-van Bosse & Foslie) Foslie 
 
H. reinboldii (rhodoliths) is a calcareous red alga with lumpy surface of pur-
plish color (Oliveira et al. 2005). In the WIO region e.g. in Chwaka bay, they 
normally found mixed with T. hemprichii, Cymodocea sp. or in the mixture of 
these seagrass species. This species was used in paper II in the mesocosm 
experiments.   
 
 
 
 
 
 
 
 
 
 

a 

b 
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Figure 12. Chwaka bay rock shore, and seagrass beds coexisting with Hydrolithon sp 
seascape (a). Details of Hydrolithon reinboldii  (b) and their coexistence with 
seagrasses-T. hemprichii (c). Photo by Rashid Ismail  
 
Mangroves 
 
There are nine to ten different species of mangrove in the WIO region, which 
grow in mixed or monospecific stands. Rhizophora mucronata, Ceriops tagal, 
Avicennia marina, Bruguiera gymnorhiza, and Sonneratia alba are the most 
frequent mangrove species (Bosire et al. 2015). Mangroves were represented  
as  a habitat in mixed stands without regard to species in papers I, III–V of 
this thesis. 
 
 
 
 
 
 
 
 
 
 
 
 

a 

c b 
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Figure 13. Mangrove stands dominated by Sonneratia alba (a) and Avicennia marina 
(b), showing sediments mainly composed of mud, a sign of high content of organic 
matter. Details of S. alba leaves (c).  Rhizophora mucronata and A. marina in a mixed 
stand, R. mucronata is easily distinguished due to its prop roots system (d). Evident 
finger-like features in these photos (b & d) are pneumatophores of A. marina, 
seagrass leaves become trapped between the pneumatophores (d). The shape of the 
leaves, the roots system, and the size of the pneumatophores can all be used to distin-
guish mangrove species. Photos by Rashid Ismail, Stone Town (a-c) and Mbweni (d), 
Zanzibar. 

Experimental designs 
 
Calcification by calcareous macroalgae causes the release of CO2 to the sur-
rounding waters, which may be released to the atmosphere and thus partly 
counteract the carbon sequestration function of seagrass meadows. Therefore, 
in paper II, we investigated the air–water CO2 flux in seagrass meadows with 
different plant community compositions (i.e. mixtures of seagrass and calcify-
ing macroalgae) in a mesocosm experiment. An associated investigation was 
conducted partly in the field and presented in paper III, considering the effect 
of allochthonous carbon on air–water CO2 fluxes in seagrass meadows using 
a carbon flux simulation model. The overall study goal of papers II & III was 
to better understand the CO2 cycle within a tropical seagrass system coexisting 
with calcareous macroalgae.  

a b 

c d 



31 

As seagrass meadows serve as excellent natural carbon sinks by not only 
sequestering atmospheric CO2 but also via trapping of allochthonous organic 
material from various habitats, it is important to understand the influence of 
landscape configuration and transformation on their carbon sink capacity. 
Therefore, we studied the influence of land-use change through urbanization 
(paper I) and degradation of mangroves on the dynamics and fate of Corg in 
seagrass habitats (papers IV). We used predictive modelling to examine sedi-
mentary Corg content, stocks, source composition, and accumulation rate in ei-
ther diverse seascapes (km-wide) dominated by various seagrass meadows 
next to both intact and deforested mangroves (paper IV) or seagrass meadows 
around old and recent progressive urbanization areas (paper I). 

Further in paper V, sedimentary examination of organic and inorganic car-
bon stocks was extended across a tropical–subtropical continuum within and 
outside existing marine protected areas, to presents the status of blue carbon 
storage in the understudied WIO region and to examine the viability of marine 
protected areas (MPAs) in conservation of sedimentary carbon in the blue car-
bon ecosystems of the western Indian Ocean. 

Materials and methods 

Influence of calcification, plant composition and allochthonous carbon on air–
water CO2 transfer 

 
To understand the influence of calcification and plant composition (paper II) 
on air–water CO2 fluxes, CO2 transfer was determined over seagrass beds 
composed of different amounts of calcifiers (see, Fig. 15a) using floating 
chamber technique (Fig. 16) in a mesocosm experiment (Fig. 15). Intact 
seagrass sods (T. hemprichii) and calcifying macroalgae (rhodoliths) for the 
experiment were taken from Chwaka Bay and transported to experimental fa-
cility. A chunk of sediment containing seagrass, rhizome, and roots growing 
in it is referred to as a sod in this thesis (Fig. 14b, see also, George et al. 2018). 
Before sods collections for mesocosm set up (paper II) and field measure-
ments of air–water CO2 (paper III) seagrass biometric characteristics were de-
termined using quadrat (procedures are depicted in Fig.14). In the field (paper 
III), air–water CO2 was determined mainly over mixer of T. hemprichii and 
Halimeda spp., however, in the mesocosms we used Hydrolithon spp. since 
Halimeda spp. did not respond favourably to collection and transport. To-
gether with CO2 fluxes estimations (in papers II & III), other physicochemical 
factors such as pH, total alkalinity (TA), dissolved oxygen (DO), salinity and 
temperature were recorded (Figs. 15 & 17). However, because the field envi-
ronment was difficult to control, TA was not measured in paper III. To gain a 
better knowledge of CO2 fluxes between air and water in tropical seagrass 



32 

beds, we created a model that included all carbon sources and sinks as well as 
import and export pathways in a tropical embayment (Chwaka Bay, Zanzibar, 
paper III). Field measurements were taken to feed the model (air–water CO2 
transport (Fig. 16), water column productivity (using the incubation chamber 
approach), and tracing the source of Corg in seagrass sediment). Other data 
were extracted from previous studies conducted in Chwaka Bay, and when 
necessary, from studies conducted outside of Chwaka Bay but with similar 
characteristics to the Bay (more details are given in paper III).  

 

 

Figure 14. Plant material collection at Chwaka bay for mesocosm experimental setup. 
Quadrat (0.16 m2) was used to estimate plant biometric measurements (biomass, 
shoot-height, density and cover) (a). Following biometric estimations, a shavel/spade 
was used to cut the sediment with seagrass in line with the quadrat, resulting in a sod 
that we hauled into the plastic container (b), and immediately add seawater into plas-
tic container and transport it to the experimental facility (c). We also collected rhod-
oliths from the field by handpicking as they occur freely without attaching to the sub-
strate (d). In the experimental facility, rhodoliths were added into containers of 
seagrass sods accordingly, for example 50% seagrass and 50% rhodoliths (e, see also 
Fig. 16a). Collection of plants materials was done six time as mesocosm experiments 
was performed in six replicates. Photo  by Rashid Ismail 

 

a b c 

d e 
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Figure 15.  Schematic illustration of plant community composition set up (a). Meso-
cosm set up and measurements of physicochemical parameters (b), and average di-
mension of rhodoliths used (c). Photos by George Rushingisha (a) and Rashid Ismail 
(b). Illustrations: T. hemprichii 1 by Tracey Saxby, Integration and Application Net-
work (www.ian.umces.edu/media-library) and coralline algae (modified) by Joanna 
Woerner, Integration and Application Network (www.ian.umces.edu/media-library) 

Influence of seascape configuration and transformation on carbon 
sequestration in seagrass habitats 

 
To understand carbon flow pathways and factors governing carbon sequestra-
tion process in tropical seagrass beds, we studied the influence of seascape 
configuration, mangroves degradation and urban development in relation to 
sediment organic and inorganic carbon contents, stocks, accumulation rate, 
and source composition (papers I & IV). Sediment carbon content, stocks, and 
source composition in seagrass beds adjacent to intact and deforested man-
groves (paper IV) or seagrass beds in areas of old/recent urbanization (paper 
I), were determined. Carbon stocks were determined by actual determination 

a 

b c 
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of sediment dry bulk density and Corg contents whereas Corg source composi-
tion was determined by using bulk stable isotopic signal (δ13C). Carbon accu-
mulation rate and age was determined by using age-depth chronology based 
on radioactive isotope analysis. Sediment sample collection was carried out 
together with determination of seagrass biometric characteristics in different 
seagrass habitats to identify their influence on Corg sequestration in tropical 
seagrass beds. Habitat mapping and creation of polygons for comprehensive 
habitat maps were utilized to calculate spatial metrics, such as seascape- and 
distance-based measures for analysis of seascape configuration on carbon se-
questration, more details are given in paper IV.   

 
Influence of MPAs on Blue carbon conservation 

 
In paper V, sedimentary determination of organic and inorganic carbon  con-
tent and stocks was extended across a tropical–subtropical continuum within 
and outside existing protected areas, to presents the status of blue carbon stor-
age in the WIO region and to examine the viability of marine protected area 
technique (MPAs) in conservation of sedimentary carbon in the blue carbon 
ecosystems.  

Parameters measured  

 
Air–water CO2 fluxes  

 
To determine air–water CO2 fluxes (both in the mesocosm and field experi-
ment), floating chamber technique was employed as described in papers II & 
III and in Fig. 16.  The floating chamber method is a direct method (measures 
CO2 directly on the water surface) frequently used in determining air–water 
CO2 fluxes (e.g. Frankignoulle, 1988; Kremer et al. 2003, Tokoro et al. 2014, 
2019). Other direct methods for measuring air–water CO2 fluxes are tracer 
approach (e.g. Sweeney et al. 2007) and the eddy covariance (e.g. Lee et al. 
2004) methods. Bulk formula technique is indirect method which uses a the-
oretical model to estimate air–water CO2 fluxes mainly in Open Ocean as is 
difficult to operate in shallow  coastal waters (Tokoro et al. 2019).  

The floating chamber approach is inexpensive, simple to operate, and has 
a quick response time to biological change, making it the sole reliable method 
for routine usage in coastal systems (Marino and Howarth 1993, Kremer et al. 
2003). Critics of this technology claim that it is not reliable in difficult condi-
tions like strong wave activity, and that because it uses a surface that floats 
over water surface, it can disrupt the surface wind boundary layer, which con-
trols the flow, over time (Broecker and Peng 1984, Liss and Merlivat 1986, 
McGillis et al. 2001). Floating chamber technique is effective in small-scale 
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areas with low wave activity over short periods up to 12 hours. This conclu-
sion was drawn after a long debate and a series of experiments to prove the 
viability of floating chamber methods over other direct and indirect methods 
(McGillis et al. 2001; Jähne and HauBecker 1998; Cole and Caraco, 1998).  
 

 

Figure 16. Measuring air–water CO2 flux using floating chamber technique. The 
chamber with an open bottom (SRC-1 Soil Respiration Chamber, length: 11.5 cm, 
height: 19.5 cm), which was connected via CO2-impermeable rubber-polymer tubing 
to an infrared gas analyser (IRGA, EGM-4, PP systems, Amesbury, 160 MA U.S.A.) 
is floating in a white Styrofoam box. Photo by Maria Asplund. 

 

Environmental factors 

 
Total alkalinity  
 
Total alkalinity (TA) (paper II) was measured according to Anderson and 
Robinson (1946) as well as described in Parsons et al. (1984), with  modifica-
tions as per Semesi et al. (2009a). This include addition of acid to known vol-
ume of seawater and measurement of pH before and after  addition of acid 
(Fig. 17). Measured pH (before and after) used to calculate TA and ultimately 
seawater total DIC using  the software CO2 sys.xls v. 10 (Pelletier et al. 1997). 
Although this methodology for determining TA is not as exact as end point 
titration methods (Somridhivej et al. 2016), it is widely used, as it allows large 
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number of samples in the field to be analysed quickly and easy with enough 
accuracy for field purpose.  

 

 
Figure 17. Determination of TA. Four mL of seawater from each mesocosm setup 
were sampled (a) and, pH before and after addition of 1 ml 0.01 M HCL was measured 
(b). Photo by George Rushingisha 
 
Temperature, salinity, dissolved oxygen and pH measurements 
 
In the mesocosm experiment (paper II) and in the fieldwork (paper III), oxy-
gen concentrations, salinity, and pH were measured using electrodes, includ-
ing FDO 925 (for O2 measures), TetraCon 925 (salinity), and SenTix 940 (pH) 
coupled to a multimeter (Multi 3430, WTW Germany) (shown in Fig. 15, 17 
and 18). All three electrodes measures temperature.  
 

a b 
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Figure 18. A multimeter (Multi 3430, WTW Germany) used to measure oxygen con-
centration, salinity, pH and temperature. Photo by Rashid Ismail 
 
Seagrass biometrics collection 
 
To assess the influence of seagrass structural complexity on air–water CO2 

fluxes (papers II & III) and sedimentary Corg variables (i.e. content, stocks 
and source composition) (papers I, VI & V), seagrass plant biometrics and 
abundance were recorded randomly in the vicinity to each core sampled in the 
seagrass meadows. Seagrass canopy height was measured with a measuring 
stick. Seagrass shoot density, cover and, belowground biomass were estimated 
using quadrat method (size, 0.25 × 0.25 m in papers I, III–V and, 0.4 × 0.4 m 
in paper II). Use of quadrat technique in estimations of seagrass density, cover 
and below ground biomass is mostly used in assessment of blue carbon and 
seagrass meadow characteristics (Gullström et al. 2002, 2006, 2012, 2018) 
  
Sediment sample collection 
 
Because carbon content and density fluctuate with depth, it is widely advised 
that, soil cores must be obtained, subsampled, and tested for a precise depth 
to accurately quantify soil organic and inorganic carbon (Howard et al. 2014). 
In this thesis, sediment cores were collected from different sites in the selected 
seagrass- and mangrove habitats (papers III, IV and V) and unvegetated areas 
using push corers (ø = 4.7 cm, h = 60 cm) (Fig. 19a). The sediment cores were 
extruded and sliced into six depth sections (Fig.19b), including 0–2.5, 2.5–5, 
5–12.5, 12.5–25, 25–37.5 and 37.5–45 cm (papers IV & V). Because sediment 
cores should be sectioned with a high resolution of at least 5 cm thick at the 
start of the core to a depth of 50 cm (Howard et al. 2014). Since carbon content 
variations are particularly noticeable in the top 20 to 50 cm of soil (Choi et al. 
2001; Connor et al. 2001; Choi and Wang 2004; Johnson et al. 2007; Four-
qurean et al. 2012b), we opted to use corer of 60 cm long. Driving the coring 
tube into the sediments (Fig. 19a) compresses the sediments, creating depth-
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variable changes in the sample's bulk density, which can bias carbon stock 
estimates. When considerable compaction happened, we made attempts such 
as taking another core near the former core, using rotation and cutting head 
technique in obtaining the core, and coring at a low descent rate to reduce 
compression as much as feasible. We also recorded each sample according to 
Howard et al. (2014) in order to correct compactions when occurs. In this the-
sis, all cores had parts down to 25 cm depth that could be collected and used 
in the carbon study. To assess any temporal dynamics, dating of the sediments 
and accumulation rates (papers I & IV), we collected long sediment cores us-
ing PVC tubes (ø = 6.2 cm, h = 1.5 m) in seagrass meadows and unvegetated 
sites. These long-core tubes were cut lengthwise (Fig. 19c) as recommended 
in Howard et al. (2014). The sediments inside the long corers were sliced at 
0.5-cm-thick intervals throughout the first 20 cm, and at 1-cm-thick intervals 
below this depth until 50 cm and 2 cm interval until the end of the core (see 
also in, Serrano et al. 2016).  Sediment sample collected in paper III was for 
determination of carbon sources in the sedimentary Corg pool. 

 

 
Figure 19. Sediment sample collection techniques. Sediment collection using push 
corer (a), extrusion and sediment slicing (b) and, sectioning of long-core tube (c). 
Photos by Arielle I. Hoamby & Rashid Ismail (c). 

 

Sediment density and carbon analysis 
 
Dry bulk density (DBD), soil organic content (% Corg) and soil depth are three 
main parameters to be measured in each field plot or sub-plot for accurate 
estimate of soil carbon stock (Howard et al. 2014). While DBD and organic 
carbon content (%) used in calculations of organic density, soil depth is used 
to estimate organic soil thickness or organic layer depth. In this thesis, wet 
sediment slices from the cores were weighed, homogenized (by stirring), and 
a 60 mL subsample (short cores) (papers III, VI & V) or the entire section 

a b c 
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(long cores) (papers I & IV) from each depth was dried at 60oC for roughly 
48 hours until constant weight. For each sediment slice, the DBD (mass of 
dried soil divided by original volume; g DW cm-3) was calculated. For analysis 
of soil organic carbon content, a variety of approaches can be used, depending 
largely on the availability of essential equipment.  

Option 1: use an automated elemental analyzer i. e. CN analyzer which is 
configured to simultaneously measure carbon (C) and nitrogen (N) content. 
This approach is commonly applied in blue carbon science (Howard et al. 
2014) and provides a direct estimate of carbon content (% Corg). Since, also N 
concentration may be determined simultaneously, the method is mostly rec-
ommended over others though can be costly (Howard et al. 2014).  Advantage 
of having content of both C and N is that, N may be used to calculate nutrient 
availability and estimate the C:N ratio, which can then be used to determine 
the quality and decomposition phase (Christensen, 1992), and stability of or-
ganic matter together with refractory carbon (Mateo et al., 2006).  

Option 2: use combustion and empirical relationships between Corg and or-
ganic matter (known as Loss on Ignition, LOI). This technique is a typical way 
to measure organic matter, and to calculate the carbon content (% C) of or-
ganic matter. Organic matter contents  must be converted, for example, using 
an equation based on Fourqurean et al. (2012) or by generating a conversion 
factor based on own data by examining part of the samples with a CN ele-
mental analyzer (see Howard et al. 2014). Though it is simple and low-cost 
technique, but measures Corg content indirectly, compared to elemental ana-
lyzer method.  

Option 3: use simple wet chemistry procedures like the Walkley-Black 
method, which use potassium dichromate (K2Cr2O7) to oxidize organic mate-
rials with sulfuric acid (H2SO4) to heat the dilution (as the classic procedure) 
and potentiometric or colorimetric titration (Matus et al. 2009). Although re-
quires very little equipment, the results produced  are not quantitative, and the 
procedure generates toxic wastes, thus it is only suitable for labs equipped for 
the safe use and disposal of chemical oxidants, as well as low-resolution re-
search (Nelson et al. 1996, Sollins et al. 1999). Due to the limitations of this 
technique, it is not mostly used in the blue carbon assessment.  

Therefore, in this thesis we adopted option 1. Further procedures on how 
to determine % Corg in the sediments are well described in papers I, IV & V.  
 
Stable isotope analysis 
 
The bulk stable isotope signatures of carbon (δ13C) and nitrogen (δ15N) were 
employed to trace organic carbon sources in this thesis (particularly in papers 
I, III & IV), which is the most used technique to date (Geraldi et al. 2019). 
This technique uses bulk properties of soil (i.e. C and N elemental percentage) 
and stable isotopic (i.e. δ13C and δ15N) composition to quantify source of or-
ganic matter within sediments of blue carbon ecosystems e.g. seagrass beds 
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(Kennedy et al. 2010, Greiner et al. 2016). These tracers distinguish organic 
matter between marine and terrestrial plants, as well as between marine plants, 
with discrete isotopic ratio such as seagrasses and macroalgae (see, Kennedy 
et al. 2010, Greiner et al. 2016).  

Applying this technique necessitates a thorough understanding of potential 
source values; organic matter sources should have significantly distinct val-
ues, and it is assumed that no source changes occur throughout the decompo-
sition of organic matter (Fourqurean and Schrlau 2003, Bouillon et al. 2008). 
The use of bulk C and N isotopic ratios to trace Corg sources in coastal ecosys-
tems can be problematic because sources of organic matter can be complex, 
with varying and overlapping isotopic values among plant species (Marchad 
et al. 2003, Blair and Aller 2012). Because mangroves and other terrestrial 
plants have comparable isotopic values (Saintilan et al. 2013), estimating their 
contribution to the sedimentary Corg pool using δ13C can be difficult and can 
be overlooked.  

According to Bec et al. (2011), this difficulty can be alleviated by expand-
ing the number of tracers available for measuring isotopic ratios in many in-
dividual compounds. The measurement of δ13C and δ15N of amino acids (AAs) 
or fatty acids were suggested, because it can increase the number of tracers 
per element by a factor of ten or more (McMahon et al. 2015, Pollierer et al. 
2019). Higher taxonomic groupings such as bacteria, fungi, and eukaryotes 
were successfully distinguished using this approach (Larsen et al. 2009). Hed-
berg (2021) used measurement of δ13C and δ15N values in individual Amino 
Acids (AAs) in combination with a deep-learning and quantitative tracing al-
gorithm to successfully differentiate key aquatic primary producers such as 
green algae, diatoms, and cyanobacteria, as well as trace trophic interactions.  

Another approach that can be used in tracing Corg sources is carbon and 
nitrogen isotopes along with environmental DNA (eDNA) (Geraldi et al. 
2019).  In the future, we hope to use both techniques to distinguish carbon 
sources and determine the exact contribution of terrestrial and aquatic plants 
to the Corg pool in seagrass environments. 
 
Organic carbon accumulation rate and dating 
 
Age-depth chronology based on radioactive isotope analysis is the widely ac-
cepted method for determining the age and accumulation rate of Corg in coastal 
sediment, and was employed in this thesis (papers I & IV). 210Pb sediment 
dating is the most extensively used approach for determining recent (100–150 
years) chronologies and sediment accumulation rates in aquatic environments  
(Cebrián 1999, McLeod et. 2011, Duarte et al. 2013, Serrano et al. 2014, 2016, 
2018, Rozaimi et al. 2016, Cuellar-Martinez et al. 2019, Sanders et al. 2019, 
Bedulli et al. 2020, Lopez-Mendoza et al. 2020, Martins et al. 2021). This 
approach has successfully utilized to recreate a variety of environmental pro-
cesses linked with global change due to its relative accessibility (Barsanti et 
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al. 2020). Challenge of using this methodology may arise when supplemental 
and validation data are not available. It needs critical assessment that include 
all sedimentary processes such as compaction, local mixing, erosion, and epi-
sodic sedimentation to be accounted for, of which is complex. 210Pb dating 
technique is still a reliable methodology, when a critical analysis and interpre-
tation of the 210Pb activity depth profile and appropriate selection of the 210Pb 
dating model as per characteristics of the 210Pb activity profile is well consid-
ered (Barsanti et al. 2020). In addition, sediment compaction in the calcula-
tions and the use of independent markers to corroborate the age models should 
be taken into accounts.  
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Synthesis of results and discussion 

General findings: factors regulating allochthonous carbon input in 
seagrass habitats  (papers I, III, IV & V) 

 
The comprehensive field surveys of papers I, III, IV & V clearly revealed that 
sedimentary organic and inorganic carbon content, source composition, accu-
mulation rates, and stocks in tropical and subtropical seagrass meadows and 
mangroves are considerably influenced by seascape configuration and land-
scape alterations. Figure 20 conceptually illustrates how restructuring of the 
coastal seascape, through urbanization and mangroves clearing, may influence 
the carbon content in nearby seagrass meadows. As illustrated in the figure, 
urban development and settlement expansion due to population growth and 
modern development has resulted in coastal environmental pollution probably 
through discharge of sewage and effluents directly into coastal ecosystems 
such as mangroves and seagrass meadows; such kind of land-use change ac-
tivities influences the natural process of Corg accumulation in seagrass habitats 
(papers I). It appears that mangrove degradation, exposes sedimentary Corg to 
a rapid transport from mangroves to seagrass habitats through hydrodynamic 
force (paper IV). Although carbon loss pathways were not studied in this the-
sis, exposed sedimentary Corg can be lost from its original location, either 
through transportation as dissolved organic carbon (DOC), which is influ-
enced by hydrodynamic force, or through aerobic decomposition, which re-
sults in gaseous CO2 that can be lost to the atmosphere (Arias-Ortiz et al. 
2021), or through both pathways. Exposed Corg can also lost to the atmosphere 
as  methane (CH4) or other greenhouse gases. Sediment of seagrass meadows 
(particularly E. acoroides (Ea) in paper IV and T. hemprichii in papers III & 
I) located near to the vicinity of degraded mangroves was shown to have high 
Corg content and a strong isotopic signal that indicates mangrove/terrestrial 
carbon sources. This differs from meadows located distantly from deforested 
mangroves but near to the open ocean (e.g. T. ciliatum (Tc) in paper IV; see 
also Fig. 20) that has low Corg contents and show isotopic signal indicating 
seagrass carbon sources.  
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Influence of seagrass structural complexity on sedimentary Corg content and 
air–water CO2 fluxes 
 
Seagrass structural complexity can influence the trapping of allochthonous 
Corg and atmospheric CO2 and hence their primary pathways for absorbing and 
storing carbon in their sediments. Seagrass canopy height and shoot density 
had opposite effects on sedimentary Corg content (paper IV), with canopy 
height showing a positive  and shoot density showing a negative correlation. 
Seagrass habitats dominated by seagrass species with high canopies and cov-
erage (e.g. Ea in Fig. 20; papers IV & V) were shown to have higher sedimen-
tary Corg content than other habitats in tropical regions (e.g. Tc, Cym/Th-mix-
ture of Cymodocea and Thalassia). This is likely due to the advantages of high 
plant biomass and efficiency in trapping allochthonous particulate organic 
matter, as well as their canopy’s ability to reduce water flow (Samper‐
Villarreal et al. 2016). Seagrass canopy height and coverage showed a nega-
tive correlation to the rate of CO2 fluxes (paper III), suggesting that major 
seagrass species with high cover and canopy have the ability to direct CO2 
from the atmosphere to seawater (see also in Tokoro et al. 2014), through pho-
tosynthetic CO2 capture. This observation is supported by previous studies, 
showed that reduction in seagrass canopy height and cover affects seagrass 
primary productivity and carbon storage capacity (Dahl et al. 2016b, 
Deyanova et al. 2017). High shoot densities are expected to have a positive 
impact on sedimentary Corg content by reducing water flow and thus trapping 
of Corg (Peterson et al. 2004). Conversely, a negative correlation between 
shoot density and sedimentary Corg was found in paper IV, indicating an op-
posing relationship between shoot density and canopy height, as previously 
reported by Gullström et al. (2018). Shoot density, on the other hand, revealed 
a negative association with CO2 flux rates in situ (paper III), which was con-
firmed in the mesocosm experiment (paper II), implying that an increasing 
seagrass shoot density increases the surface area of seagrass meadows in pho-
tosynthetic CO2 consumption (Enríquez and Pantoja-Reyes 2005).  
 
Influence of patch heterogeneity on sedimentary Corg content and stocks in 
seascape habitats 
 
The conceptual illustration in Figure 20 shows continuous seagrass habitats 
dominated by Ea and patch meadows dominated by Tc, Cym/Th and unvege-
tated sediments. The high Corg content found in Ea habitats (Fig. 20) was due 
to the structure and continuity in nature of the dominant Ea meadows. In 
Tsimipaika Bay, a larger area of continuous Ea meadows was observed. This 
observation indicates that, high levels of Corg (either allochthonous or autoch-
thonous or both) are likely to be trapped and stored, as larger continuous 
meadows have been shown to store higher amount of carbon (paper IV, Ricart 
et al. 2017, Gullström et al. 2018) than diverse and patchy seagrass meadows 
(Cym/Th and Tc) or unvegetated sediments. Patch heterogeneity or degree of 
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continuity, does not only influence variability of Corg content and stocks in 
seagrass habitats, but also in the mangrove ecosystem. Paper V showed that, 
high carbon content, stocks, were generally discovered in vast, and continuous 
areas covered by either mangroves or seagrass meadows in both tropical and 
subtropical climate zones. 
 
Influence of location and distance of seascape habitats from mangroves on 
sedimentary Corg contents, stocks, and source composition 
 
Sedimentary Corg content, stocks and source composition in seagrass habitats 
vary depending on the location of a habitat in relation to the distance from 
mangroves and whether the forest is degraded or not (papers I & IV). The 
findings of paper IV showed that, the content of sedimentary Corg was higher 
in Ea meadows compared to Cym/Th and Tc habitats, which indicates an effect 
of the land–sea gradient. The distance of Cym/Th and Tc meadows from de-
graded mangroves is longer (although closer to the open ocean) compared to 
Ea meadows, which are found near the deforested mangroves (Fig. 20). In 
paper V, Ea meadows in protected areas were shown to have higher Corg stocks 
than other tropical seagrass species, while T. hemprichii meadows in protected 
and unprotected marine areas had higher Corg stocks than other investigated 
species in subtropical areas. The effect of distance and location of mangroves 
and seagrass habitats on variation of Corg stock across habitats and latitude was 
not investigated in paper V. But the findings in paper IV, as well as the fact 
that both studies were conducted within the WIO region, suggest that distance 
between mangroves and seagrass habitats may influence their sedimentary 
Corg stocks. This finding is consistent with Ricart et al. (2020), who found that 
the content of land-based carbon sources in seagrass sediments was related to 
the distances between the studied seagrass meadows and the coastal estu-
ary/river mouth. 
 
Influence of river and tidal channel networks on sedimentary Corg 
accumulation rate and habitat connectivity 

 
Land to sea gradient in Corg content and source composition (papers I & IV), 
suggests that there is transfers of organic matter and carbon from mangroves 
forest, more likely from degraded mangroves to seagrass habitats that was ef-
fectively trapped in Ea habitats at the vicinity of degraded mangroves. Re-
cently,  Arias-Ortiz et al. (2021) reported 20% loss (in last 10 years) of soil 
carbon stock in the upper meter of degraded mangroves of the recent study 
area (Tsimipaika Bay) through DOC export among other pathways. Organic 
matter and carbon transfers from mangroves to seagrass, seems to be acceler-
ated by presence of intricate systems of rivers, mangroves creeks and tidal 
channels in the area of deforested mangroves (as illustrated in figure 20).  
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Hydrodynamic and nature of land catchment area has been reported to in-
fluence movement and exchange of carbon and organic matter between sea-
scape habitats (Bouillon and Connolly 2009, Hyndes et al. 2014, Ricart et al. 
2015, Watanabe and Kuwae 2015, Samper‐Villarreal et al. 2016). Papers I and 
IV demonstrated that Corg and materials move from mangrove ecosystems to 
neighbouring seagrass areas. However, recent incoming Corg and proximity to 
deforested mangroves do not appear to affect Corg stock (down one meter) in 
the sediments of seascape habitats (Ea habitat) (paper IV). This suggests that 
there is a lot of mixing of deposited carbon and sediments, which hides any 
differences in recent Corg build-up in Tsimipaika Bay's upper layer sediment. 
This was proved by lack of excess 210Pb in the one-meter sediment core.  

In paper I, full and semi-exposed site to anthropogenic activities (sewage 
management and mangrove degradation) in Zanzibar Town, showed average 
Corg accumulation rate of 23.5 ± 14 gCm-2yr-1 whereas, simulation model in 
paper III estimated Corg accumulation rate of 152 gCm-2yr-1, of which 45% is 
the contribution from allochthonous carbon (Fig.20). The estimated range of 
Corg accumulation rate (23.5–152 gCm-2yr-1) in this thesis is in accordance 
with other estimations (Cebrián 1999, McLeod et. 2011, Duarte et al. 2013, 
Serrano et al. 2014, 2016, 2018, Rozaimi et al. 2016, Cuellar-Martinez et al. 
2019, Sanders et al. 2019, Bedulli et al. 2020, Lopez-Mendoza et al. 2020, 
Martins et al. 2021). High Corg accumulation rate estimated in paper III is rea-
sonable, since accumulation rate of organic material from adjacent ecosystems 
into Chwaka Bay is estimated to be high due to landscape configuration and 
high mangrove detritus production in this coastal area. Shunula and Whittick 
(1999) reported substantial mangrove litter production in Chwaka Bay, which 
is comparable to the global average (e.g. Duke et al. 1981, Gong and Ong 
1984). Furthermore, the existence of significant creeks and connected tidal 
channels (la Torre-Castro and Lyimo 2012)(as also illustrated in Fig. 20),   in-
fluences litter transport from the vast mangrove stands in the southern and 
western parts of the Bay (Muzuka et al. 2001). In addition, high annual pre-
cipitation rate (Tobisson et al. 1998) results in the formation of seasonal water 
channels that transport run-off from the communities surrounding the embay-
ment influences transport of mangrove litter in to the Bay. After all, mangrove 
degradation and settlement development are a problem facing Chwaka Bay 
(Ngoile and Shunula 1992, Shunula 2002) as other tropical coastal ecosys-
tems, which could lead to organic material shifting from mangroves to neigh-
bouring seagrass habitats (e.g. papers I and IV) via rain seasonal channels, 
tidal creeks and rivers (Fig. 20).  

The variation in Corg accumulation rate and stocks observed in this thesis 
is related to time of mangrove deforestation and intensity of hydrodynamic 
force. Recent accumulated stocks (since 1990s, intensive mangroves defor-
estation in Tsimipaika) in the upper meter may not be distinguished in the 
integrations of Corg stocks. Major reason for this could be the presence of high 
hydrodynamic forces created by presence of rivers (as simulated in Fig. 20), 
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especially in Tsimipaika Bay compared to Chwaka Bay (paper III) and Zan-
zibar town (paper I), where hydrodynamic is mainly influenced by tidal move-
ment, mangrove creeks and temporary channels during rain seasons. Well-
mixed sediments and intensive sediment resuspension are produced by high-
energy hydrodynamic forces, which prevent sediment and Corg settlement and 
accumulation (Arias-Ortiz et al. 2018, Dahl et al. 2020a).  

The network of rivers and channels, as well as other factors related to the 
generation of hydrodynamic forces, determine not only the accumulation rate 
and stock of Corg, but also play an important role in habitat connectivity and  
blue carbon storage. 

 
Figure 20. Conceptual illustration of a coastal seascape and its configuration and 
composition of different habitats, including areas deforested of mangroves (through 
urbanization and tree cutting) and seagrass habitats composed of Thalassodendron 
ciliatum (Tc), Cymodocea/Thalassia (Cym/Th), Enhalus acoroides (Ea) and unvege-
tated sediment (Unveg) habitat (A), and a graph representing sedimentary organic 
carbon content in percentage (%Corg) of each seascape habitat (B). Illustrations: 3D 
estuary, Bruguiera gymnorhiza 2, suburban house 1, coconut palm 2, white spruce 
and oak, T. hemprichii 1 by Tracey Saxby, Integration and Application Network 
(www.ian.umces.edu/media-library). A. marina, Bruguiera gymnorhiza 1, dead Rhi-
zophora spp, palm tree 2, T. ciliatum 1 by Diana Kleine, Marine Botany UQ 
(www.ian.umces.edu/media-library). Logging (modified) and rice plant 2 by Kate 
Moore, Moreton Bay Waterways and Catchments Partnership 
(www.ian.umces.edu/media-library). City building 08 by Jane Thomas, Integration 
and Application Network (www.ian.umces.edu/media-library). Apartment building 04 
by Jane Hawkey, Integration and Application Network (www.ian.umces.edu/media-
library). E. acoroides by Catherine Collier, James Cook University 
(www.ian.umces.edu/media-library), and maize/corn crop by Jane Thomas, Tracey 
Saxby, Integration and Application Network (www.ian.umces.edu/media-library)  
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Influence of sediment properties and vegetated habitats on sedimentary Corg 
stocks 

 
The results of this thesis showed that sediment properties, in particular sedi-
ment density, has an important influence on sedimentary Corg content and 
stocks in seagrass meadows, as also observed by earlier studies (Avnimelech 
et al. 2001, Dahl et al. 2016a, Röhr et al. 2016, Dahl et al. 2020b). We found 
a negative correlation between sediment density and sedimentary Corg content 
(papers I & IV; see also Winterwerp and Van Kesteren 2004). High Corg is 
generally found in sediment of low bulk density and with a high water content 
(Avnimelech et al. 2001). Additional sediment properties, such as mud content 
and grain size sorting, have been shown to have a positive correlation with 
sedimentary Corg content, while having a negative correlation with sediment 
density (Röhr et al. 2018). However, in both long and short cores, we observed 
notable differences in Corg content and stocks between vegetated and unvege-
tated sediments, implying that seagrasses may play an essential role in con-
serving the Corg already present in the sediments 

Summary of results and discussion under this section 

 
It is found that seascape configuration and mangrove deforestation had a 
strong influence on Corg content, stocks, source composition and accumulation 
rates in seagrass sediment and also on air–water CO2 exchange pathways in 
the studied tropical and subtropical coastal seascapes. Thus, the carbon sink 
function of tropical and subtropical seagrass meadows is governed by factors 
acting at multiple spatial (and temporal) scales (paper IV), all from landscape 
configuration (spatial alignment of habitat patches and geographic distances 
to surrounding seascape structures) and patch heterogeneity (degree of conti-
nuity) to within-patch attributes (seagrass structural complexity and sediment 
properties). The observed substantial land–sea gradient in terms of sedimen-
tary Corg content, source, and stocks is imposed by high-energy hydrodynamic 
interchange of organic matter throughout the bay topography, which is en-
riched by Corg export from deforested mangroves. Significant influx of alloch-
thonous carbon generated from adjacent mangroves to seagrass meadows por-
trays the importance of cross-habitat linkages within the coastal seascape, 
which further influences allochthonous carbon import and storage. Carbon ac-
cumulation rate is affected by strong hydrodynamic forces that influences 
mixing of sediments and masks recent net sediment accumulation (paper IV). 
The take-home message regarding to identification of Corg hot spots is that 
seascapes comprising large continuous seagrass meadows with low sediments 
density, located near to Corg source (degraded mangroves for example) (e.g. 
Ea in paper IV) and connected by notable hydrodynamic force, had higher 
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Corg levels in comparison to more diverse or patchy seascapes with high sedi-
ments density and located away from noted carbon source (illustrated in Fig-
ure 20). This information is important when identifying blue carbon hot spots 
and planning conservation measures. 

Air–water CO2 fluxes and carbon sequestration in tropical seagrass 
meadows are governed by carbon import, plant community composition, 
and calcification (papers I–IV) 

 
Overall air–water CO2 fluxes that were recorded directly in a tropical coastal 
embayment using the floating chamber technique in July and November (pa-
per III), and thereafter validated in mesocosm experiment (paper II), revealed 
a net outflow of CO2 at a rate of 0.067 gCm-2 day-1 (Fig. 21). In terms of the 
air–water CO2 flux pathway, seagrass meadows appear to be a source of CO2 
to the atmosphere. However, the simulation model, which integrated or took 
into account all systems connected to CO2 sources and sinks within the tropi-
cal coastal seagrass ecosystem, indicated that seagrass meadows can appear 
as a source of CO2, while in a big picture is still a carbon sink (paper III). 
Figure 21 shows that, while 0.067 g of inorganic carbon (Ci) is released into 
the atmosphere, 0.42 g of Corg is preserved in the sedimentary Corg pool (for 
millennia) after the deduction of 32% of net ecosystem carbon consumption 
(NECC) as exported carbon, which may be stored in the continental shelf or 
deep sea. The stored carbon is more than six times the quantity of carbon that 
is emitted into the atmosphere (paper III). Through fieldwork, a mesocosm 
experiment and simulation modelling, we discovered that air–water CO2 path-
way in tropical coastal waters is impacted by a number of processes and fac-
tors acting in real time, which in a general view, counterbalances the direct 
acquisition and reduction of atmospheric CO2 by seagrass meadows.  

Decomposition of allochthonous carbon in the vicinity of seagrass meadows 
turns the system into a CO2 source   

 
Papers I, III & IV gives detailed elaboration of factors influencing carbon 
import and the amount of allochthonous carbon transported into the seagrass 
meadows from the adjacent ecosystems. The illustration in Figure 21 and pa-
per III show that 45% of the Corg stored in the tropical seagrass meadows ac-
tually originated from adjacent ecosystems such as mangroves, terrestrial 
bushes or forests, the water column and macroalgae (influenced by factors 
discussed in papers I & IV).  

Apart from the substantial contribution of allochthonous carbon to the sed-
imentary Corg pool in tropical seagrass meadows studied in this thesis which 
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is in line with other studies (Duarte et al. 2010, Kennedy et al. 2010b), it con-
tributes up to 31.5% of total ecosystem production of dissolved inorganic car-
bon (TEPDIC), through their incomplete decomposition (Fig. 21, paper III). 
Allochthonous carbon is known to influence Corg storage and regulation of 
atmospheric CO2 fluxes in coastal submerged vegetation ecosystems (Gazeau 
et al. 2005, Takahashi et al. 2009, Tokoro et al. 2014, Tokoro et al. 2018, 
Yasunaka et al. 2018, Tokoro et al. 2019), as their incomplete decomposition 
results into CO2 and refractory carbon. Although seagrass meadows are auto-
trophic communities with high productivity rate (Gazeau et al. 2005, Duarte 
et al. 2010, Duarte et al. 2013a), the addition of CO2 resulted from decompo-
sition of allochthonous carbon, could apparently be responsible for the escape 
of CO2 to the atmosphere observed in this thesis (Fig. 21, paper III).  

The numerical simulation modelling suggests a net primary ecosystem car-
bon consumption (NECC) of 6.04 g Cm-2 day-1 for the entire seagrass system 
in a tropical seagrass-dominated embayment. This is comparable to the high 
summer net primary carbon consumption (5.3 g C m-2 day-1) of Mediterranean 
seagrass (Posidonia oceanica) meadows (Frankignoulle and Distèche 1984), 
where the total production of CO2 in the ecosystem through community respi-
ration and calcification is 6.13 Cm-2 day-1 (Fig.21, see also paper III). It is 
hence important to understand the status of tropical seagrass meadows in 
terms of carbon storage and air–water CO2 flux levels if there is only a mini-
mal flow of allochthonous carbon. Based on the numerical simulation model 
(paper III), and the conceptual Figure 21, the answer to this question is that 
carbon storage in seagrass meadow would have decreased (by 42–45% given 
the details of our modelling approach). The ecosystem consumption of CO2 
would have exceed the production (by 31.5%), and in general the CO2 flow 
will turn from atmosphere to water. Though the Corg storage in seagrass mead-
ows would have been reduced, they still account for 55–58% of the carbon 
storage and the remaining percentage of storage will occur in their native eco-
systems. This is only possible if humans utilize natural ecosystems in a sus-
tainable way.  

Apart from the role of allochthonous carbon processes in seagrass carbon 
storage and CO2 fluxes, it also serves as a source of Ci for photosynthesis. We 
learned in papers II & III, that there was a high upward flux of CO2 from the 
seagrass community to the atmosphere in the early morning (before dawn), 
likely because community respiration processes constitute the only driving 
factor of the flux at that time. This lasted until around midday, when increased 
photosynthesis counterbalanced the respiration. The field observations and the 
100% seagrass cover treatment in the mesocosms both showed a downward 
flux of CO2 from the air to the water in the afternoon. This trend enlightens us 
that a significant portion of the DIC released by community respiration was 
re-fixed in photosynthesis, showing a significant amount of carbon cycling 
within the seagrass meadow. 
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Plant community composition counteracts the capacity of seagrass meadows 
to capture CO2 directly from the atmosphere 

 
In the mesocosm design (paper II), the effect of the proportion of calcifying 
algae on CO2 fluxes was estimated, and a clear variation in CO2 flow rate was 
seen depending on the plant community composition. Only the 100 % seagrass 
treatment could produce a net uptake of CO2 into the water (from the air), but 
only in the afternoon, which corresponded to field data. This observation 
could be linked with the dynamics of environmental conditions within shallow 
coastal ecosystems, which were recorded in real time with CO2 fluxes. For 
example, the CO2 influx in 100 % seagrass during the afternoon corresponds 
to the maximum pH levels, while primary productivity of these meadows was 
highest at this time of day (Deyanova et al. 2017). This shows that the down-
ward flux of CO2 from the air into the water above the seagrass is caused by 
photosynthetic capture. To elaborate further, seagrass photosynthetic CO2 up-
take has been shown to enhance seawater pH in seagrass systems (Axelsson 
1988, Mvungi et al. 2012, Buapet et al. 2013), and photosynthesis often peaks 
around midday (Invers et al. 1997, Marbà et al. 2007). Other environmental 
factors that were significantly correlated to air–water CO2 fluxes in the meso-
cosms were water temperature, DO, TA, DIC and pCO2 (papers II & III), 
which has also been observed in previous studies (Takahashi et al. 2009, 
Tokoro et al. 2014, Tokoro et al. 2018, Yasunaka et al. 2018, Tokoro et al. 
2019).  

Therefore, it can be stressed here that in those settings of seagrass with 
high proportion of calcifiers, their ability to capture CO2 directly from the at-
mosphere, even during the time of high photosynthetic rate, was counteracted 
by high abundance of calcifiers. The logic is that the calcification process re-
leases CO2 into the surrounding environment, which, if not consumed inter-
nally, raises the partial pressure of dissolved CO2 and causes it to escape into 
the atmosphere, or, as previously discussed, seagrass can use internally pro-
duced CO2 as a source of Ci for photosynthesis, eliminating the need to cap-
ture CO2 directly from the atmosphere. This process is likely expedited by 
high pH in the afternoon due to CO2 consumption by seagrass photosyntheti-
cally (Semesi et al. 2009a). The importance of the calcification process in air–
water CO2 fluxes in tropical seagrass meadows will be discussed in the fol-
lowing section. 
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The calcification process influences air–water CO2 fluxes and carbon storage 

 
Figure 21 shows that the calcification processes of all calcifiers in the tropical 
seagrass environment generate up to 5.5 % of CO2 production, with calcareous 
macroalgae accounting for a major portion (papers II & III). The resulting 
CO2 production could contribute both as a Ci source for photosynthesis (in-
ternal cycling of carbon) and to the escape of CO2 to the atmosphere because 
we could not pinpoint the source of escaped or re-fixed inorganic carbon. The 
calcification of the calcareous macroalgae in the experimental treatments had 
a significant impact on CO2 transport across the air–water interface in the mes-
ocosms (paper II). The upward flow of CO2 from the seawater to the atmos-
phere was increased in treatments dominated by higher numbers of calcifiers 
(high calcification). Because calcification lowers pH, which raises the amount 
of CO2 in the water, it favours the CO2 escape to the atmosphere if not inter-
nally used in photosynthesis (Kalokora et al. 2020).  

Therefore, in tropical seagrass meadows containing calcareous macroalgae 
or other calcifiers, the calcification process will to some extent inhibit the pH 
increase during hours of high productivity, increase the availability of CO2, 
and thereby favour the escape of CO2 to the atmosphere (paper II). This pro-
poses that, it is only when the photosynthetic CO2 fixation is very high, e.g. 
during the afternoons, that seagrass meadows draw CO2 directly from the air 
for its photosynthetic needs. At other times, the plants’ demand for CO2 is 
covered by internal cycling of DIC within the seagrass ecosystem, where cal-
cification and incomplete degradation of allochthonous carbon contribute up 
to 37% of the DIC making it a largely self-sustaining system in terms of DIC 
(papers II & III).  

Because the CO2 emitted inside the system (from calcification) was pri-
marily re-fixed by plants, and the rate of inorganic carbon accumulation is 
34% higher than organic carbon, our model (in paper III) suggest that, the 
particulate inorganic carbon (PIC) should be included in the overall blue car-
bon budget. The contribution of carbonate in the blue carbon research is ig-
nored because their formation (calcification) results in CO2 release (see e.g. 
Mazarrasa et al. 2015). Seagrass sediments will become even more effective 
carbon sinks if PIC is considered as positive component in blue carbon stor-
age. 
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Figure 21. Conceptual illustration of air–water CO2 fluxes under high inflow of al-
lochthonous carbon from adjacent ecosystems, particularly mangroves under human 
interference (mangroves degradation and urbanization) and plant community compo-
sition (seagrasses and calcareous macroalgae), showing clearly numerical budget of 
incoming allochthonous carbon, accumulation rate, CO2 escaped to the atmosphere, 
CO2 from incomplete decomposition of allochthonous carbon, total ecosystem pro-
duction of dissolved inorganic carbon (TEPDIC), CO2 from total ecosystem calcifi-
cation and export of net ecosystem carbon consumption (NECC). Illustrations: 3D 
estuary (modified), Bruguiera gymnorhiza 2, suburban house 1, coconut palm 2, white 
spruce and oak, T. hemprichii 1 by Tracey Saxby, Integration and Application Net-
work (www.ian.umces.edu/media-library). A. marina, Bruguiera gymnorhiza 1, dead 
Rhizophora spp, palm tree 2, by Diana Kleine, Marine Botany UQ 
(www.ian.umces.edu/media-library). Logging (modified) and rice plant 2 by Kate 
Moore, Moreton Bay Waterways and Catchments Partnership 
(www.ian.umces.edu/media-library). City building 08 by Jane Thomas, Integration 
and Application Network (www.ian.umces.edu/media-library). Apartment building 04 
by Jane Hawkey, Integration and Application Network (www.ian.umces.edu/media-
library). Maize/corn crop by Jane Thomas, Tracey Saxby, Integration and Application 
Network (www.ian.umces.edu/media-library), and Halimeda spp.by Joanna Woerner, 
Integration and Application Network (www.ian.umces.edu/media-library) 

Summary of results and discussion under this section 

 
In light of Figure 21, mangrove clearing and urbanization in tropical coastal 
areas lead to a shift of carbon from mangrove areas and increases the amount 
of Corg accumulation in seagrass meadows through outwelling. The amount of 
CO2 released from their decomposition and calcification increases the amount 
of CO2 in the system. Resulting CO2, can either be recycled and used in pho-
tosynthesis, or increases the CO2 partial pressure and force CO2 into the at-
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mosphere. According to the results and discussion in this thesis, it is appar-
ently that, the rate of CO2 production (through autochthonous and allochtho-
nous Corg decomposition and calcification) is higher than re-circulation of CO2 
(through photosynthesis), which turn system into CO2 source rather than sink.   
However, even after accounting for carbon export from the seagrass ecosys-
tem to the deep sea and the carbon that escaped to the atmosphere, there is still 
a significant amount of Corg stored in the tropical seagrass sedimentary organic 
carbon pool, to which the allochthonous carbon input contributes signifi-
cantly.  

In conclusion, seagrass meadows can emit CO2 and still be a carbon sink, 
and they can be even more effective when particulate inorganic carbon (PIC) 
and the contribution of the seagrass- and macroalgae-plants transported to the 
organic carbon pool of the continental shelf and deep sea are taken into ac-
count. 

Carbon storage potential of tropical and subtropical coastal ecosystems 
(paper V) 

 
Paper V goes into greater detail about identifying blue carbon hotspots and 
suggests conservation strategies for mitigating climate change, but it also pro-
vides a remarkable and crucial summary of the blue carbon status across lati-
tudes in the understudied WIO region.  

Overall, paper V showed that tropical mangroves (Tanzania) have higher 
Corg reserves than subtropical mangroves (Mozambique). In both regions, car-
bon stocks are comparable to or higher than prior studies in the corresponding 
region, i.e. tropical mangroves (Sitoe et al., 2014; Stringer, 2015; Alavaisha 
and Mangora, 2016) and subtropical mangroves (e.g. Fourqurean et al., 2012; 
Lavery et al., 2013; Atwood et al., 2017). However, when compared to both 
tropical savannas/grasslands and tropical forests, mangrove forests in Tanza-
nia have higher Corg storage levels than the estimated global average of carbon 
stocks in terrestrial environments.  

Carbon storage in tropical mangroves is considerable and in line with, if 
not above, the amounts seen in previous studies of tropical mangroves around 
the world (Donato et al., 2011; Kauffman and Bhomia, 2017; Atwood et al., 
2017). There were no clear differences between the two climate zones in terms 
of Corg stock levels in the sediment of seagrass meadows and unvegetated ar-
eas. Averages Corg stock levels, found to be similar or slightly higher than what 
was reported from other regional studies conducted within tropical and sub-
tropical areas (Githaiga et al., 2017; Belshe et al., 2018; Gullström et al., 
2018). Carbon stock levels in the tropical seagrass meadows of Tanzania are 
comparable to the global average level (e.g. Lavery et al., 2013). When com-
pared to unvegetated areas, the sedimentary Corg stock levels in mangroves 
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and seagrass ecosystems were considerably larger (6 and 3 times in mangroves 
and seagrass meadows, respectively).  

When considering researched area covered in paper V, and the number of 
sediment cores taken, elevated or similar carbon stocks found in blue carbon 
ecosystems of the two climatic regions are considered the first and primary 
results obtained from an extensive survey. However, when considering indi-
vidual sites (in each country), it is clear that they have not been extensively 
explored. This is especially true, with regard to the complexity and variation 
of carbon sequestrations and storage processes (in each habitat) (papers I–IV), 
and the fact that northern Mozambique has not been explored. Therefore, it is 
obvious that blue carbon ecosystems in the WIO has more potential to give in 
terms of blue carbon storage and climate change mitigation. 

Factors lead to underperformance of Marine Protected Areas (MPAs) in 
conservation of blue carbon in the WIO region (paper V) 

 
In paper V, we conducted a large-scale field survey in the WIO region across 
latitudes, focusing on coastal areas in Tanzania (tropical) and southern 
Mozambique (subtropical) to determine how marine protected areas affect 
sedimentary carbon stocks in blue carbon ecosystems particularly mangroves 
and seagrass meadows.  

In a summary, there was no significant difference in carbon stocks between 
protected and unprotected blue carbon ecosystems in tropical and subtropical 
regions. These results demonstrate that MPAs played no or only a minor effect 
in preserving blue carbon stocks. This finding is corresponding with Purvis et 
al. (2021) who found that MPAs in Zanzibar waters are not clearly conserving 
and restoring the seagrass ecosystem.  This is likely due to fact that the carbon 
stock function was not taken into account when these MPAs were established. 

In many parts of the world, including Tanzania and Mozambique, MPAs 
have traditionally been declared for biodiversity conservation, sustainable 
fisheries, tourism, and important habitat for target species, cultural or spiritual 
values, research, and education (Salm et al., 2000). Therefore, MPAs in the 
WIO were mainly created with the goal of providing other ecosystem and so-
cial services in mind, but did not prioritize climate change mitigation by pro-
tecting natural blue carbon sinks at the time of reserve or park designation. 

However, their ability to help carbon sequestration has been recognized in 
the last decade or so (Barbier et al., 2011; Liquete et al., 2013), though after 
the declaration of most protected areas in Tanzania and Mozambique. As a 
result, our findings do not negate the importance of MPAs, as well as other 
relevant land and marine reserves, in protecting sedimentary Corg stores in blue 
forest ecosystems; nonetheless, the primary goal of MPAs designation in the 
WIO was not blue carbon protection.  
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To support the latter viewpoint, our findings revealed that blue carbon 
hotspots are partially or completely outside MPAs, as observed e.g. in Chwaka 
Bay (Zanzibar) and at Mafia Island, Tanzania. This suggests that, in order to 
effectively conserve sedimentary carbon stocks in the blue carbon ecosystems 
of the tropical and subtropical regions of the WIO, areas of blue carbon 
hotspots should be identified and declared as MPAs. Also the existing MPAs 
should be expanded to include nearby blue carbon hotspots, as we consider 
MPAs as a crucial tool for sedimentary carbon conservation. 

Under implementation of MPAs conservation strategies and government 
interference 

 
Insufficient implementation of management practices inside MPAs and col-
laboration of government and organizations responsible for the management 
of blue carbon forests could also contribute to masking the function of MPAs 
in sedimentary carbon conservation. Mangrove management in the WIO, 
which receives more attention than seagrass management, faces some chal-
lenges that must be addressed as soon as possible.  

For instance, while the 2017-2027 Mangrove Ecosystem Management Plan 
set up for Kenya supports zoning for specific activities, coordination between 
government institutions remains weak, even though environmental impact as-
sessments and strategic environment assessments are underutilized tools for 
improving conservation in the country (Slobodian et al., 2019).  

In Mozambique, mangroves are still under risk as the government continue 
to grant concessions and permits for oil and gas exploration in regions where 
mangroves exist (Slobodian et al., 2019).   

Despite the fact that all mangrove forests in Tanzania are state-owned and 
controlled, with local communities having limited access to them, threats to 
mangrove ecosystems continue unabated. This also sends a message that Tan-
zania’s top-down approach to mangrove conservation is outdated, and that 
there is significant potential for encouraging more community-led manage-
ment processes, as well as having a seat for women in management decision-
making, as their eyes are sported on the mangrove ecosystems on a daily basis. 

Therefore, identifying and designating carbon hotspot areas as MPAs, as 
well as expanding existing MPAs to incorporate carbon hotspots, should be 
done in tandem with effective implementation of management techniques 
while receiving full government support. 
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Concluding remarks  

This thesis provides a comprehensive understanding of the factors that influ-
ence the main pathways that lead to efficient carbon sequestration in tropical 
seagrass meadows, notably, from the atmosphere to the seagrass sediments 
(via efficient photosynthetic CO2 fixation) and from an external source of car-
bon to the seagrass sediments (through efficient trapping of allochthonous car-
bon). Plant community composition, calcification, community respiration and 
dynamics of environmental factors were found to influence air–water CO2 
fluxes pathway, i.e. the main route of direct CO2 acquisition from the atmos-
phere, governed by photosynthesis process. Landscape configuration, patch 
heterogeneity, within-patch attributes and hydrodynamics were also shown to 
influence mostly the indirect pathway of seagrass carbon sequestration (via 
allochthonous carbon accumulation). Coactions of the aforementioned factors 
and processes exert an impact that outweigh the human interference on tropi-
cal coastal ecosystems, and leave, for now, the seagrass meadows as carbon 
sink and that credit tropical seagrass meadows as effective in carbon seques-
tration. Identification and designation of carbon hotspots as marine protected 
areas, as well as effective implementation of management approaches with 
government support, are viewed as conservation options to control human ac-
cess to coastal ecosystems in order to ensure the sustainability of the carbon 
sink function of tropical and subtropical coastal ecosystems. 
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Future perspectives 

One among other factors that credit seagrass and mangrove ecosystems as ef-
fective carbon sinks is the anoxic nature of their environment, which limits 
degradation of stored Corg. Major human-induced impacts are, however, disa-
bling this process by exposing stored carbon to a rapid transport and aerobic 
respiration and thereby increase the Corg export and remineralization through 
ecosystem degradation. According to the findings and discussion in this thesis, 
the escalation of Corg from mangroves to seagrass meadows, which induce CO2 
efflux, begins with human interference on coastal ecosystems. Because future 
acts of human on coastal ecosystems is uncertain, the findings of this thesis 
suggests more research and investigations on management options for the con-
servation of blue carbon ecosystems in tropical regions especially the WIO 
region (understudied), including measures that will lead to wise utilization of 
coastal ecosystems. 

In the context of blue carbon research, the scientific information provided 
by this thesis leads to an increased knowledge of factors influencing the pri-
mary pathways of tropical coastal ecosystem carbon sequestration, which is 
critical to successfully identifying carbon sink hotspots and avoiding double-
counting in order to generate conservation prioritizations. As a response, each 
WIO country should fund extensive carbon stock studies in coastal ecosystems 
(particularly in mangroves and seagrass meadows) and incorporate the results 
into existing, or to establish, national and/or regional monitoring programs on 
carbon hotspots, which will benefit strategies for climate change mitigation. 

As human impacts on coastal ecosystems result in the lost and transfer of 
stored carbon to nearby ecosystems, which partly depend on how the ecosys-
tems are connected, future research should consider the full carbon budget lost 
from the ecosystem in order to successfully address the extent of the impact 
of anthropogenic disturbances posed to the ecosystem. This includes the 
amount of organic carbon stored prior to disturbance, the amount of carbon 
left after disturbance, carbon lost to the atmosphere, and carbon stored in 
neighboring ecosystems. 

The carbon accumulation rate (CAR) in seagrass (T. hemprichii) sediment 
from places with long-term progressive urbanization and areas with rapid 
mangrove decline and urbanization was demonstrated to be the same after 80 
years, although the latter showed a higher sedimentary Corg content and stock. 
In addition, with regard to the fact that carbon accumulation rates differ among 
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study sites, future studies should collect data on sedimentation rates and sedi-
ment age in a variety of seagrass meadow types and locations with a high 
spatiotemporal resolution across the complex coastal seascape of Tanzania 
and other understudied regions. This is especially for Chwaka bay where we, 
through modelling found high carbon accumulation rate. 

Our results showed that, at the large part of day, tropical seagrass meadows 
directs CO2 from water to the atmosphere and, through our numerical model-
ling, we  anticipated that escaping CO2 is largely from degradation of alloch-
thonous materials and contributions of calcification process. Future research 
should validate and use modern techniques e.g. environmental DNA (eDNA) 
and, δ13C and δ15N of amino acids (AAs) or fatty acids to trace exactly the 
source of escaping CO2. This type of research will also provide a thorough 
knowledge and verification of the prevalence of PIC in blue carbon budget. 
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Sammanfattning (Svenska)  

Havsgräsängar är effektiva kolsänkor, som kan avlägsna koldioxid ur 
atmosfären och fånga alloktont organiskt material från andra livsmiljöer och 
därigenom lagra organiskt kol i sina sediment, så kallat Blue Carbon, eller 
Blått Kol. I tropiska områden kan sjögräsängar innehålla en hög andel 
kalkhaltiga organismer, vilket genom att släppa ut CO2 till atmosfären genom 
förkalkning kan delvis motverka kolbindningen. Dessutom orsakar mänsklig 
verksamhet som urbanisering och oansvarigt resursutnyttjande med 
otillräcklig hantering och bevarande av ekologiska blåkolekosystem en snabb 
nedbrytning av tropiska kustekosystem, särskilt mangroveskogar och sjögräs. 
I denna avhandling undersökte jag kolsekvestreringsprocessen och effekterna 
av marina skyddade områden (MPA) på sedimentärt kolbevarande i de blå 
kolekosystemen i västra Indiska oceanen (WIO). Detta uppnåddes genom att 
undersöka luft-vatten-CO2-flödet i sjögräsängar med olika 
vegetationssammansättningar (dvs. blandningar av sjögräs och kalkalger), 
liksom de faktorer som påverkar denna process och bedömningen av 
sedimentära kollager inom och utanför MPA i tropiska och subtropiska inom 
WIO -regionen. Jag har vidare undersökt påverkan av landskapskonfiguration 
och transformation på grund av urbanisering och nedbrytning av mangrover 
på ackumulering och dynamik av organiskt kol i sjögräsbiotoper. Jag fann ett 
nettoutflöde av CO2 över ängarna, från hav till luft. CO2 -flödena förändrades 
både i hastighet och riktning under dagen och var signifikant relaterade till 
växtsamhällets sammansättning och miljöförhållanden (pH, temperatur, löst 
syre [DO], total alkalinitet [TA], totalt kol och pCO2), där pH hade det 
starkaste inflytandet på CO2 -flödet. Nedåtgående flöden hittades bara över 
vegetation med hög andel sjögräs och på eftermiddagen, medan kalkalger 
tycktes vända flödet. Jag fann att mycket produktiva sjögräsängar kan 
generera ett netto CO2 -flöde från vattenpelaren till atmosfären eftersom 
växternas efterfrågan på CO2 i stor utsträckning täcks av en stor intern 
återcykling av CO2, både från nedbrytning av autoktont och alloktont material 
och från koldioxid som släpps ut från förkalkning. Jag fann dock att 
ackumulering av sedimentärt kol på dessa sjögräsängar är större än flödet till 
atmosfären, vilket indikerar att dessa system fortfarande kan vara kolsänkor. 
Därför påverkar samhällets växtkomposition och alloktont kol främst luft - 
vatten CO2 -flöden på de tropiska sjögräsängarna. Jag upptäckte att 
ackumulering, innehåll  och lager av alloktont kol i sjögräsängarna påverkades 
av en kombination av landskapsstatistik och inneboende livsmiljöväxt- och 
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sedimentegenskaper. Jag upptäckte en stark land -till -hav -gradient i 
sjösgräslandskap, vilket sannolikt orsakades av hydrodynamiska krafter och 
resulterade i unika mönster i sedimentära organiska kolhalter. 
Sjögrässedimenten närmare det avskogade mangroveområdet hade högre 
koncentration av organiskt kol och en mangrove-signal, troligen på grund av 
ökad organisk kolexport från avskogad mangrovejord. I jämförelse med mer 
diversifierade och fragmenterade havslandskap har havslandskap med 
omfattande kontinuerliga sjögräsängar högre sedimentärt organiskt 
kolinnehåll. 

Jag fann att sjögräsängar som ligger nära området med snabb och kortsiktig 
urbanisering och nedbrutna mangrover har liknande 
kolackumuleringshastighet (CAR) som område med långsiktig progressiv 
urbanisering, förutom att den förra har högt sedimentärt organiskt kolinnehåll 
och lager med hög signal om kol kommer från mangrover. Jag upptäckte att 
tropiska och subtropiska blå kolekosystem (mangrover och sjögräs) lagrar en 
betydande mängd kol i sina sediment, och eftersom det primära målet med 
MPAs beteckning i WIO -regionen inte var att bevara sedimentärt kol, var 
deras inflytande på bevarande av blått kol kol minimal eller obefintlig, och 
många kol-hot spots ligger helt eller delvis utanför MPA. 

Resultaten av denna avhandling leder till en grundlig kunskap om de 
avgörande faktorerna som påverkar primära vägar för tropiska kustområden 
för ekosystem i kustområden och är avgörande för att identifiera hotspots för 
kollagring för att generera bevarandeprioriteringar. Jag föreslår att MPA kan 
användas för att bevara blått kol om kolpunkten är angelägen om att 
lokaliseras och deklareras som MPA, och befintliga MPA: er utvidgas till att 
omfatta alla kol -hotspots som ligger utanför MPA: erna. Fynden som 
presenteras i denna avhandling visar vidare på att framtida forskning bör 
fokusera på bevarandeprioriteringar för att begränsa människors ohållbara 
användning av kustresurser, eftersom mänskliga ingripanden på 
kustekosystem orsakar utflöde av koldioxid från vatten till luft och hög 
belastning av alloktont kol till sjögräsekosystem, och att deras framtida 
påverkan  på dessa ekosystem är okända. 
 
 
 
 
 
 
 
 
 
 
 
 



61 

Muhtasari (Swahili) 

Kiasi cha hewa ya ukaa (CO2) katika anga la dunia kimeongezeka na kufikia 
gramu 413.93 kwa kila tani ndani ya mwezi Oktoba 2021 
(https://www.co2.earth/), na kinakadiriwa kuongezeka zaidi siku zijazo. 
Ongezeko hili linasababisha mabadiliko ya tabianchi yanayoshuhudiwa hivi 
sasa, pamoja na madhara makubwa kwenye viumbe waishio nchi kavu na 
Baharini. Ongezeko la joto, mafuriko, ukame na vimbunga ni moja ya adhari 
za mabadiliko ya tabianchi. Nchi za ukanda wa magharibi wa Bahari ya Hindi 
(WIO), kwa mfano Tanzania, adhari za mabadiliko ya tabianchi ni pamoja na 
kupungua kwa kiasi cha theluji ya mlima Kilimanjaro, mafuriko na ukame, 
sambamba na ongezeko la usawa wa bahari ambao hufunika na kumomonyoa 
maeneo ya fukwe. Madhara haya yametajwa pia katika hotuba ya Rais wa 
Jamuhuri ya Muungano wa Tanzania mheshimiwa Samia Suluhu Hassan, 
wakati akihutubia mkutano wa 26 wa nchi wanachama wa mkataba wa Umoja 
wa Mataifa (COP26) kuhusu mabadiliko ya tabianchi, Glasgow Scotland, 
United Kingdom tarehe 2 Novemba 2021 
(https://www.youtube.com/watch?v=tysMKhAWaeg). 

Viumbe wa baharini kama matumbawe na aina ya mwani wenye asili ya 
kutengeneza miamba ya chokaa kwenye miili yao, kwa mfano shomboshwa 
(Halimeda) na vibobotoo (rhodoliths), kama wanavyojulikana kwa watu wa 
Chwaka, Zanziba, ndiyo wako katika hatari zaidi ya kuadhiriwa na ongezeko 
hili. Hii ni kwa sababu hewa ya ukaa inavyoyeyuka kwenye maji ya Bahari, 
kwa kiasi kikubwa husababisha hali ya tindikali ambayo huyeyusha madini 
hayo ya chokaa na kuleta madhara kwenye miili ya hawa viumbe pamoja na 
udongo wa chokaa.  

Ongezeko la hewa ya ukaa na madhara yake limevutia wanasayansi 
kufanya utafiti wa  kina juu ya namna inavyoweza kupunguzwa na kuzuia 
madhara yake, katika maeneo ya baharini na nchi kavu. Majani au nyasi bahari 
zimeonekana kuwa na ufanisi mkubwa wa kuchukua hewa ya ukaa 
inayoyeyukia baharini. Nyasi bahari hutumia hewa hii kujitengenezea chakula 
chake, ambapo kimsingi ni hewa ya ukaa inayobadilishwa kuwa chakula 
kikaboni/kaboni ambacho hutumiwa na mmea katika ukuaji wake. Nyasi 
bahari hutengeneza chakula hiki kwa ziada ambayo huhifadhiwa na mmea 
wenyewe kwenye majani, mashina, na mizizi yake. Nyasi bahari 
zinapopukutisha majani au kufa, huoza na kaboni huhifadhiwa kwenye 
udongo zaidi ya karne moja, kama  hautaharibiwa na shughuli za kibinadamu. 
Ufanisi wa nyasi hizi kuhifadhi kaboni kwenye udongo wake hutokana pia na 
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uwezo wake wa kupunguza kasi ya maji na kukamata chembechembe za 
kaboni za majani, udongo na mboji zilizokusanywa kutoka nje ya maeneo ya 
bahari na kuletwa kupitia mikondo ya maji,  na wakati wa kupwa na kujaa. 
Chembechembe hizi pamoja na kaboni inayotokana na nyasi bahari zenyewe, 
hufanya uhifadhi wa kaboni kwenye maeneo yaliyofunikwa na nyasi kuwa 
mkubwa zaidi. Kaboni hii ambayo inahifadhiwa kwenye maeneo ya bahari 
huitwa kaboni ya bluu na ile inayohifadhiwa kwenye mimea na udongo nchi 
kavu huitwa kaboni ya kijani.  

Katika maeneo ya kitropiki, hasa ukanda wa magharibi wa Bahari ya Hindi 
ambapo Tanzania na visiwa vyake ipo,  nyasi hizi huota pamoja na 
matumbawe, shomboshwa na vibobotoo ambavyo kimsingi huzalisha hewa ya 
ukaa kwa kiasi kikubwa. Katika hali hii, huenda nyasi zikashindwa kutumia 
hewa ya ukaa kutoka angani na badala yake kutumia ambayo inazalishwa na 
viumbe hawa. Kama nyasi zitashindwa kutumia hewa yote inayozalishwa, 
basi maeneo yake yatakua chanzo cha hewa ya ukaa badala ya kuchukua, kitu 
ambacho ni cha hatari zaidi. Wakati huo huo, shughuli za kibinadamu kama 
ujenzi wa miundombinu, ukuaji wa miji, ukataji wa miti hasa mikoko, uvuvi 
wa kutumia juya na uchimbaji wa vyambo kwenye maeneo ya mikoko pamoja 
na kutozingatia uhifadhi bora wa maeneo ya baharini, hupunguza kwa kiasi 
kikubwa uwezo wa nyasi bahari kuhifadhi kaboni ya bluu. 

Kwa hiyo mimi pamoja na wenzangu tumefanya utafiti ili kuchunguza 
uwezo na namna nyasi bahari za maeneo ya kitropiki, na za ukanda wa 
magharibi wa bahari ya Hindi zinavyo hifadhi kaboni ya bluu katika hali ya 
mazingira yaliyoyatajwa hapo juu. Tumetafiti pia uwezo wa Hifadhi za Bahari 
katika utunzaji wa kaboni ya bluu kwenye nchi za Tanzania na upande wa 
kusini wa Msumbiji.  

Utafiti huu umefanyika, kwanza kwa kupima kiasi cha hewa ya ukaa 
kinachoingia na kutoka kwenye maeneo ya bahari ambapo nyasi hizi huota 
pamoja na viumbe watengenezaji wa miamba/udongo wa chokaa. Tulipima 
pia kiasi cha joto, hewa ya oksijeni na  hali ya tindikali kwenye maji, ambavyo 
ni vitu vinavyoadhiri uyeyukaji wa hewa ya ukaa kwenye maji. Tumefanya 
utafiti huu ili kubaini kama nyasi bahari katika mchanganyiko na viumbe 
hawa zinaweza kuchukua hewa ya ukaa kutoka angani, kuibadilisha kuwa 
kaboni na kuihifadhi kwenye udongo au laa. Utafiti huu ulifanyikia ghuba ya 
Chwaka, Zanziba, ambapo pia tulitengeneza mfumo wa namba unaoonyesha 
mzunguko wa kaboni katika hali ya hewa na yabisi, uliyohusisha vyanzo vyote 
vinavyotoa na kuchukua kaboni (kwa idadi) kwenye ghuba, ili kupata uelewa 
mpana wa namna hewa hii inavyozalishwa na kutumika (Andiko III). Kwa 
kuwa kwenye mazingira ya bahari kuna viumbe wengi, ilitubidi kuchukua 
nyasi na vibobotoo na kuzipanda kwenye matenki na kisha tukafanya vipimo 
tajwa hapo juu (Andiko II) ili kupata ujuzi mzuri na wa uhakika kama viumbe 
hawa wataadhiri uwezo wa nyasi kuchukua hewa ya ukaa kutoka angani. 

Kwa kuwa ujenzi wa miundombinu, uharibifu wa maeneo ya mikoko na 
ukuaji wa miji huadhiri sana uwezo wa nyasi bahari katika kuhifadhi kaboni 
ya bluu, tulifanya utafiti kuangalia namna sura ya nchi (maeneo ya bahari) na 
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uharibifu wake ulivyo na adhari chanya au hasi katika uhifadhi. Sura ya nchi 
ni uwepo na mpangilio wa vitu maeneo ya bahari, kwa mfano,  uwepo wa 
mikoko, mito, nyasi bahari, aina ya nyasi bahari, vijito vinavyojitengeneza 
kipindi cha mvua au maji kujaa na kupwa na, shughuli zinazofanyika maeneo 
yanayozunguka bahari. Hapa tulipima kiasi cha kaboni na vyanzo vyake 
(kwamba kaboni imetokana na nyasi, mikoko, shomboshwa au miti ya nchi 
kavu) kwenye udongo wa nyasi bahari zilizopo maeneo ambayo mikoko 
imeharibiwa na ambayo haijaharibiwa, nyasi zilizopo karibu na mito pamoja 
na kuangalia aina ya nyasi mahali udongo unapochukuliwa. Tulipima pia 
urefu wa nyasi, idadi yake katika mita za mraba na kuangalia kama zimefunika 
eneo kiasi gani, na kama zimeota kwenye mafungu au kwenye muendelezo, 
maana sababu zote hizi huchangia uwezo wa nyasi kuhifadhi kaboni ya bluu 
kwenye udongo wake. Utafiti huu tuliufanyia nchini Madagaska (Chapisho 
IV). Tulipima pia kiasi cha kaboni kwenye maeneo yenye ujenzi wa 
miundombinu na ukuaji wa miji kwa muda mrefu tangu mwaka 1840 (Mji 
Mkongwe, Zanziba) na yenye ukuaji wa kasi wa hivi karibuni tangu mwaka 
2000 (Mbweni, Zanziba) (Andiko I).   

Kwa kutenga maeneo ya Bahari kama Hifadhi ndiyo hatua kubwa 
iliyofanywa na nchi za ukanda wa magharibi mwa  Bahari ya Hindi katika 
kuhifadhi bioanuwai baharini. Utafiti wetu ulidhamiria kubaini kama maeneo 
haya pia yanahifadhi kiasi kikubwa cha kaboni, na pia kutoa tathimini ya kiasi 
cha kaboni ya bluu kilichohifadhiwa katika hifadhi hizi kwa nchi za Tanzania 
na Msumbiji ambazo tafiti kama hizi ni adimu (Chapisho V). 

Utafiti umeonesha kwamba nyasi bahari za maeneo ya kitropiki katika mda 
mwingi kila siku, huwa ni chanzo cha hewa ya ukaa angani, lakini kiasi hiki 
ni kidogo kikilinganishwa na kile cha kaboni ya bluu kinachohifadhiwa na 
nyasi kwenye udongo wake kwa siku. Kiasi kikubwa cha hewa kinachotolewa 
huchangiwa zaidi na chembechembe za kaboni, mboji na udongo zinazotoka 
nje ya maeneo ya bahari, ambazo kwa kiasi kikubwa huchangiwa na shughuli 
za binadamu, pamoja na kiasi kidogo kutoka kwa viumbe wanaotengeneza 
chokaa (Andiko II na III).  

Tumegundua kwamba, maeneo yaliyofunikwa na nyasi bahari endelevu 
ambazo hazijaota kwa  mafungu, huwa na kiasi kikubwa sana cha kaboni 
kwenye udongo wake, hasa zile zilizopo karibu na maeneo ambayo mikoko 
imeharibiwa, pamoja na maeneo yenye kasi ya ujenzi wa miundombinu na 
ukuaji wa miji. Kaboni iliyopo maeneo haya imechangiwa kwa kiasi kikubwa 
na kaboni iliyotokana na mikoko pamoja na mimea ya nchi kavu ukilinganisha 
na nyasi zilizopo maeneo ambayo mikoko haijaharibiwa (Andiko I na 
Chapisho IV).   

Tumeona kwamba kiasi cha kaboni ndani ya Hifadhi za Bahari hazina 
tofauti na maeneo ambayo hayajahifadhiwa. Maeneo yenye kiasi kikubwa cha 
kaboni kwa mfano Chwaka na Mafia, yako nje ya hifadhi, na yote hii ni kwa 
sababu, nia na madhumuni ya kuanzisha hifadhi hayakuwa kuhifadhi kaboni 
ya bluu. Maeneo ya mikoko yana kiasi kikubwa cha kaboni kuliko yale ya  
nyasi bahari, lakini pia  Tanzania kuna uhifadhi mkubwa wa kaboni kwenye 
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maeneo yake kuliko maeneo ya kusini ya Msumbiji, ingawa kiasi cha kaboni 
kilichohifadhiwa kwenye nchi hizi ni cha kuridhisha na kinaendana na 
viwango vya kimataifa (Chapisho V). Kiasi kidogo cha kaboni 
kilichopatikana kwa nchi ya Msumbiji ukilinganisha na Tanzania huenda 
kimechangiwa na kwamba hatukupima kaboni kwenye maeneo yote ya 
Msumbiji kwa sababu ya kimbunga Idai kilichoikumba nchi hiyo na zingine 
kusini ya Bara la Afrika wakati wa shughuli ya upimaji wa kaboni (Machi 
2019). 

Kwa hiyo nyasi bahari za kitropiki, zina uwezo mkubwa wa kuichukua 
hewa ya ukaa na kuihifadhi, kwanza kwenye mimea yenyewe na baadae 
kwenye udongo kwa miaka mingi zaidi, hasa  tukizitunza vizuri pamoja na  
mazingira ya bahari kwa ujumla wake. Kwa hali hii zitasaidia kupunguza kwa 
kiasi kikubwa hewa ya ukaa na madhara yake. Tunaweza kutunza nyasi na 
mazingira ya bahari kwa kufanya utambuzi wa maeneo yenye uhifadhi 
mkubwa wa kaboni kwa kutumia mbinu zilizotokana na tafiti hizi, kwa mfano 
ukiona nyasi bahari zilizoota kwa muendelezo, basi unaweza kutambua 
kwamba zina kiasi kikubwa cha kaboni. Mbinu hizi zitatusaidia kuyatenga 
maeneo haya na kuyatambua kama Hifadhi za Bahari. Kwa kuwa kesho ya 
shughuli za kibinadamu katika mazingira ya Bahari hazitabiriki, tunashauri 
utafiti wa siku zijazo uzingatie vipaumbele vya uhifadhi ambavyo 
vitaipunguzia jamii utumiaji wa rasilimali za Bahari bila uangalifu. Yote hii 
ni kwa sababu shughuli za kibinadamu (uharibifu wa mikoko na mazingira) 
ndio chanzo kikubwa kilichosababisha hewa ya ukaa itoke kwenye maeneo ya 
nyasi kwenda angani, kwa hiyo shughuli za binadamu zinazoharibu mazingira 
ya  Bahari ni lazima zidhibitiwe!  
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