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Abstract
The exponential increase of atmospheric greenhouse gas concentrations over the past 50 years has caused a rise in the
global average temperature by more than 1ºC above pre-industrial levels. Ninety-three percent of this heat energy has been
absorbed and stored by the oceans, increasing their temperatures, particularly in surface waters. This can produce both
negative and positive impacts on the health and function of vital coastal shallow-water communities, hosting seagrasses and
macroalgae, which are key primary producers and ecosystem engineers in the coastal zone. The physiological processes
of these plants and the biogeochemical processes in associated sediments operate over a wide range of temperatures and
their response can serve as early indicators of changes in their ecosystem function. This thesis employed a combination
of laboratory, mesocosm and field based experiments to understand: 1) the responses of key physiological processes to
elevated temperatures occurring frequently (and likely to occur in a future warming scenario) in seagrass meadows, and how
these will affect biogeochemical processes in associated sediments, 2) the exchange of carbon dioxide between seagrass,
water and atmosphere, and 3) effects of the tidal variability on biogeochemical processes of tropical seagrass sediments.

The results showed that elevated water temperatures cause increased rates of photosynthesis in seagrasses up to a
threshold temperature above which rates declines rapidly. The negative effects of temperatures reaching beyond threshold
levels increased with repeated days of exposure. The rates of mitochondrial respiration in seagrasses increased with elevated
temperatures until a collapse of their respiratory machinery occurred. Photorespiration did not increase linearly with
elevated temperatures. The responses of the different components of the seagrass plant (i.e. leaves, shoots, rhizomes and
roots) to temperature increase clearly differed, and varied within different parts of each component. Spikes of very high
water temperatures, up to 40-44ºC, occur frequently during daytime at low spring tides during the northeast monsoon
in the tropical intertidal areas of the western Indian Ocean, and if they occur repeatedly over several days, lead to large
biomass loss in seagrasses. Such temperatures also increased methane emission and sulphide levels in seagrass-associated
sediments. Submerged macrophytes in shallow coastal waters had pronounced effects on air-water fluxes of carbon dioxide,
with an upward flux occurring when partial pressure of carbon dioxide is higher in the seawater than in the air and carbon
dioxide escapes the water phase, and a downward flux when carbon dioxide enters the water phase. Plant cover, time of
day and tidal level had pronounced consequences on emissions of methane and nitrous oxide as well as sulphide levels
in tropical seagrass sediments. Emissions of methane and nitrous oxide positively correlated to sediment organic matter
content and the relationship became stronger during high tide.

The findings of this thesis indicate that intertidal seagrasses of the tropical WIO region are at special risk of declining
under future warming, as they are currently living in an environment where ambient water temperatures frequently reach
at, or beyond, threshold levels of key physiological processes during midday hours of low spring tides of the northeast
monsoon. The negative effects of high temperature spikes may be further intensified by other anthropogenic stressors (e.g.
eutrophication by land-based pollution sources). Taken together, these will reduce seagrass cover and promote the release
and emission of historically deposited carbon back to the atmosphere, and this would possibly change these ecosystems
from being carbon sinks to being sources and further exacerbate the negative impacts of greenhouse gases.

Keywords: Global warming, greenhouse gas, warming oceans, temperate, tropical, coastal waters, Western Indian
Ocean (WIO), tidal variability, seagrass, photosynthesis, respiration, photorespiration, biogeochemical processes,
sulphide, methane, nitrous oxide, carbon dioxide.
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1.0 Introduction 

1.1 Seagrasses in warming oceans 

The exponential increase of atmospheric greenhouse gas concentrations 

over the past 50 years has resulted in a rise in the global average 

temperature by 0.2ºC per decade (Hansen et al., 2006; Pachauri et al., 

2014). To date, the global mean temperature has increased by more than 

1ºC above pre-industrial levels and further increases with between 1.5 

and 5.8ºC are expected by the year 2100 (Parry et al., 2007). Ninety-

three percent of this heat energy has been absorbed and stored by the 

oceans, increasing their oceanic heat content (Figure 1) and rising their 

temperature, a phenomenon commonly known as ocean warming 

(Barnett et al., 2005; Cheng et al., 2017; Le Quéré et al., 2018; Levitus 

et al., 2009; Pörtner et al., 2014). Warming has already occurred in all 

depths of the oceans; it is however most pronounced at the upper (0-

700 m) surface waters (Figure 1), with an ongoing average increase of 

0.13ºC per decade (Hoegh-Guldberg et al., 2014; Pörtner et al., 2014; 

Resplandy et al., 2018). Global warming continues, and the year 2016 

was the warmest on record with an increase of 0.9ºC above pre-

industrial levels in surface waters1. 

 

 

 

 

                                                           
1. https://public.wmo.int/en/media/press-release/climate-breaks-multiple-records 2016-global-impacts 

accessed on 30/03/2017. 
2. https://public.wmo.int/en/media/press-release/greenhouse-gas-levels-atmosphere-reach-new-record 

accessed on 26 October 2018. 
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Figure 1. Illustration of continuous heat accumulation in surface and 

deep waters since 1940. Data are presented in monthly global ocean 

heat content (in zettajoules – billion trillion joules, or 10^21 joules) for 

the 0-700 m and 700-2000 m ocean layers. Data are taken from Cheng 

et al. (2017) and updated through June 2018. Accessed from Carbon 

Brief on the 26th of October 2018. 

 

Increasing sea surface temperature (SST) can produce both negative 

and positive impacts on the health and function of vital coastal shallow-

water communities, hosting seagrasses and macroalgae (macrophytes), 

which are key primary producers and ecosystem engineers (altering 

both biotic and abiotic conditions of their surrounding environments) in 

coastal zone ecosystems (Beer and Björk, 2000; Beer et al., 2014; 

Bouma et al., 2005; Brouns, 1994; Carruthers et al., 2007; Drew, 1979; 

Jordà et al., 2013; Marba and Duarte, 2010; Potouroglou et al., 2017). 

This is because a small change in water temperatures can substantially 

affect key physiological processes such as photosynthesis, respiration 

and photorespiration, and thus their productivity (Chefaoui et al., 2018; 

Duarte et al., 2018; Henson et al., 2017; Hoegh-Guldberg et al., 2018; 

Kelaher et al., 2018; Provost et al., 2017; Ramírez et al., 2017). 

Moreover, water temperature is the most important range-limiting 

factor for the distribution of submerged macrophytes (Beer et al., 2014; 

Körner, 2006; Parmesan and Yohe, 2003; Pedersen et al., 2015; Short 

et al., 2016). Therefore, ocean warming is now globally considered the 

most severe threat (among global climate change stressors) to the health 



14 

 

and function of seagrasses (Arias-Ortiz et al., 2018; Chefaoui et al., 

2018; Duarte et al., 2018; Kelaher et al., 2018). 

 

The vulnerability of seagrasses to ocean warming is, however, a 

function of their exposure, response and adaptive capacity to increasing 

water temperatures (Arias-Ortiz et al., 2018; Waycott et al., 2009). This 

vulnerability is further reinforced by prevalent climatic conditions 

(Jordà et al., 2012), where tropical seagrass communities (particularly 

those occurring in intertidal zones i.e. areas exposed to air at low tide, 

and covered with seawater when the tide is high) are considered being 

at especially high risk to future global warming compared to temperate 

seagrasses (Arias-Ortiz et al., 2018; Collier and Waycott, 2014; Henson 

et al., 2017; Hoegh-Guldberg et al., 2018; Pedersen et al., 2016; Pörtner 

et al., 2014). This is because of the constantly high air temperatures 

prevalent in tropical regions that in combination with high solar 

insolation during midday hours may heat waters, in shallow intertidal 

areas, up to 40ºC and above (Bridges and McMillan, 1986; Campbell et 

al., 2006; Collier and Waycott, 2014; Pedersen et al., 2016). Such high 

water temperatures are at, or beyond, threshold levels for many tropical 

intertidal seagrasses (Campbell et al., 2006; Collier and Waycott, 2014; 

Pedersen et al., 2016; Repolho et al., 2017) and can potentially limit 

their productivity in a number of ways (Collier et al., 2017; Deyanova 

et al., 2017). 

 

Frequent spikes in water temperatures, i.e. 5-15ºC higher than ambient 

levels, have been shown to decrease the photosynthetic performance 

and increase the mitochondrial (dark) respiration, thus leading to 

skewed carbon (C) balance with a much higher respiratory C loss than 

photosynthetic C gain (Campbell et al., 2006; Collier and Waycott, 

2014; Collier et al., 2011; Pedersen et al., 2016; Wilkinson et al., 2017). 

This can negatively affect net productivity of seagrass plants (Beer et 

al., 2014; Collier et al., 2017; Duarte et al., 2010), which together with 

a high biomass per unit volume of water during low tides can result into 

inadequate supply of photosynthetically derived oxygen (O2) 

transported to their below-ground tissues, creating anoxic conditions in 

the sediment rhizosphere (Beer et al., 2014; Borum et al., 2007; 

Pedersen et al., 2016). Changes in oxic conditions in the sediment 

rhizosphere will change the redox conditions governing 

biogeochemical processes therein (Borum et al., 2007; Brodersen et al., 

2017; Duarte et al., 2010; Trevathan-Tackett et al., 2017), and thus 

anaerobic microbial decomposition of a labile (readily decomposable) 
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organic matter (OM) pool predominant in the upper surface layers of 

many seagrass meadows (Borum et al., 2007; Jamaludin, 2015; Kelaher 

et al., 2013; Rozaimi et al., 2016; Serrano et al., 2015). This could 

potentially reduce carbon stocks of tropical seagrass meadows 

(Macreadie and Hardy, 2018) through the release of locked carbon (C) 

in sediments, e.g. in the form of carbon dioxide (CO2) and methane 

(CH4), back to the atmosphere (Lovelock et al., 2017; Pendleton et al., 

2012; Burkholz et al., 2019), and simultaneously, cause an increased 

sulphide levels in associated sediments (Brodersen et al., 2017; 

Brodersen et al., 2015; García et al., 2013; Koch and Erskine, 2001; 

Pedersen et al., 2004; Schrameyer et al., 2018b). Whereas sulphide is 

potentially toxic to seagrass roots and benthic organisms (Brodersen et 

al., 2015; Calleja et al., 2007; Koch and Erskine, 2001; Pedersen et al., 

2004), CH4 is a greenhouse gas whose global warming potential (in a 

100-year time scale) exceed that of CO2 by a factor of 34 (Nakicenovic 

et al., 2000). Present day concentrations of CH4 in the atmosphere is 

higher than at any time in the past 50 years2; however, the reasons for 

its rise are debated (Hoegh-Guldberg et al., 2018; Pachauri et al., 2014). 

Current estimates show that nearly 37 % of the total CH4 emission to 

the atmosphere comes from wetlands, and coastal vegetated ecosystems 

such as seagrass meadows, that are particularly exposed to disturbances 

(Anderson et al., 2010; Burkholz et al., 2019; Garcias-Bonet and 

Duarte, 2017; Lyimo et al., 2017; Pendleton et al., 2012; Scheehle and 

Kruger, 2006). 

 

While threats to seagrass ecosystems from warming oceans are 

increasingly recognized (Björk et al., 2008; Kelaher et al., 2018; 

Pedersen et al., 2011; Rasheed and Unsworth, 2011; Repolho et al., 

2017; Sanz-Lázaro et al., 2011; Seddon et al., 2000; Unsworth et al., 

2014), most empirical studies have been carried out in the coastal areas 

of Australia (Campbell et al., 2006; Collier and Waycott, 2014; 

Macreadie and Hardy, 2018; Masini et al., 1995; Pedersen et al., 2016), 

the Mediterranean Sea (Egea et al., 2019; García et al., 2013; Jordà et 

al., 2012; Jordà et al., 2013; Lacoue-Labarthe et al., 2016; Marba and 

Duarte, 2010) and Florida and Maryland of USA (Koch et al., 2007; 

Lefcheck et al., 2017; Moore and Jarvis, 2008; Rasheed and Unsworth, 

2011). Such research is largely lacking in other regions of the world, 

and especially in the tropical Western Indian Ocean (WIO) region. 

Therefore, an improved understanding of the responses of key seagrass 

physiological processes to elevated water temperatures, and how these 

affect biogeochemical processes in associated sediments are of high 
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importance for predicting impacts of future global warming on 

productivity and carbon stocks of the tropical WIO seagrass meadows. 

1.2 Background and distribution of seagrasses 

Seagrasses are flowering plants, descendants from terrestrial plants that 

through rivers and deltas returned to the sea (Beer et al., 2014). They 

are now globally distributed in shallow waters along coastlines, 

estuaries, bays and lagoons (Larkum et al., 2006b; Les et al., 1997; 

Short et al., 2007). They have developed special ecological, 

physiological and morphological adaptations to an entirely 

submergence existence that allows their life cycle to be completed 

underwater (i.e. flowering, pollination, distribution of seeds and 

germination) (Ackerman, 2007). Most seagrasses reproduce mainly by 

means of vegetative propagation through elongation of their rhizomes 

and consequently, an entire meadow could originate from a single 

seedling (Björk et al., 2008; Rasheed, 2004). Like many terrestrial 

plants, seagrasses have leaves, shoots, roots and rhizomes and generally 

grow on soft-bottom sediments attached by their below-ground root-

rhizome system (Larkum et al., 2006b). Globally, observations show 

that there are at least 72 species of seagrasses occurring within 12 

genera, all functionally similar, and out of which half grow in tropical 

and half in temperate coastal waters (Short et al., 2007; Short et al., 

2011). Within the tropical regions, seagrasses are often found in the 

intertidal and upper subtidal waters, and the deepest meadows normally 

reach about 60 m depending on water clarity (Larkum et al., 2006b; 

Short et al., 2007).While seagrass meadows in the temperate regions are 

often dominated by one or a few species, seagrass meadows in the 

tropical regions are often composed of multiple species (Gullström et 

al., 2002; Kennedy and Björk, 2009). Seagrasses usually grow mixed 

with macroalgae (Axelsson, 1988; Buapet et al., 2013a; Wahl et al., 

2018), which together may form large meadows (Gullström et al., 2006; 

Semesi et al., 2009). The global distribution of seagrasses is not fully 

known (Short et al., 2007), but recent estimates indicate that they cover 

an area ranging from 300,000 to 600,000 km2 (Duarte et al., 2004; 

Hopkinson et al., 2012; Mateo et al., 2006; Murray et al., 2011), which 

is less than 0.1 % of the ocean floor. However, a large portion of 

seagrass meadows are thought to be yet unmapped, and this might be 

particularly true for the hitherto quite unstudied meadows of the Indo-

pacific region (Short et al., 2007). 
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1.3 Importance of seagrass meadows 

Despite of their relative small coverage area around the globe (section 

1.2), seagrass meadows rank among the most valuable ecosystems of 

the world. This is based on the ecosystem services they provide, as 

seagrass meadows contribute over 30 % of ecological goods and 

services worldwide (Cullen-Unsworth and Unsworth, 2013; Ruiz-Frau 

et al., 2017). These are directly or indirectly supporting economies and 

livelihoods of people within the coastal areas, particularly small scale 

and recreational fisheries (Cullen-Unsworth et al., 2014; de la Torre-

Castro et al., 2014; High-Guldberg, 2015; Nordlund et al., 2018; 

Nordlund et al., 2017; Unsworth and Cullen, 2010). Seagrass meadows 

provide food, habitat, spawning and nursery grounds for many fish and 

crustaceans, which utilise other habitats at other life stages (Kennedy 

and Björk, 2009). Their extensive root and rhizome system stabilizes 

the sediments and helps to reduce both coastal erosion and sediment 

resuspension during high tides, severe storms, rains and floods (Cabaço 

et al., 2008). The ability of seagrass leaves to trap fine sediments and 

suspended particles from the water column helps to maintain water 

clarity (Carruthers et al., 2007; Dahl et al., 2018). Seagrasses also 

facilitate nutrient cycling during microbial degradation of OM in 

underlying sediments (Duarte et al., 2005; Nagel, 2007) as well as alter 

coastal hydrodynamics (Christianen et al., 2013; Ondiviela et al., 2014). 

Moreover, they deliver photosynthetically derived O2 and organic 

carbon (in the form of exudates) into the below-ground environment 

through their roots (Alcoverro et al., 2001; Pollard and Moriarty, 1991), 

and thus support the life of a range of micro-organisms in underlying 

sediments. Through their photosynthetic uptake of dissolved inorganic 

carbon (DIC) from the water column, seagrasses sequester huge amount 

of carbon that is fixed within their living biomass and stored in the 

underlying sediments, making seagrass meadows a critical sink for 

carbon globally (Duarte et al., 2010; Fourqurean et al., 2012; Gullström 

et al., 2018; Kennedy and Björk, 2009; Mcleod et al., 2011; Spalding et 

al., 2014). Seagrasses are food for many marine mega-herbivores, 

including manatees, turtles and dugongs (Kelkar et al., 2013). 

Additionally, seagrass meadows represent an important ecosystem with 

photosynthetic processes during daytime increasing seawater pH and 

aragonite saturation (Ωarg) relative to offshore values, which can act to 

buffer locally (on short timescales) against global decreases of pH and 

Ωarg from ocean acidification (Cyronak et al., 2018; Hendriks et al., 

2014; Manzello et al., 2012; Semesi et al., 2009; Unsworth et al., 2012). 
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1.4 Major threats to seagrass meadows 

Despite the fact that their global importance is known (section 1.3), 

seagrass meadows are declining globally at a rate of 7 % per year, most 

likely due to human driven impacts on their surrounding environments 

(Fourqurean et al., 2012; Short et al., 2011; Waycott et al., 2009). Major 

threats with potential impacts on productivity of seagrasses includes (1) 

lower light availability in the water column as a result of eutrophication 

(increasing algal blooms), sedimentation and dredging-induced 

sediment resuspension, adversely affecting leaf photosynthesis during 

daytime (Asmala et al., 2018; Dahl et al., 2016b; Jiang et al., 2018; 

Schrameyer et al., 2018a), (2) enhanced water-column respiration 

during night-time caused by high community respiration induced by 

high OM and eutrophication conditions, reducing oxygen in the water 

column and thus reduce the O2 diffusion into the aerenchyma (Pedersen 

et al., 2016; Zhang et al., 2010), (3) enhanced growth of opportunistic 

algal species (Mvungi, 2011; Roca et al., 2016; Moksnes et al., 2018) 

by high nutrient supply (especially nitrate), impeding gas (e.g. CO2 and 

O2) fluxes with surrounding water, thereby leading to inadequate 

internal aeration and photorespiration (Brodersen et al., 2015; Buapet 

et al., 2013b), (4) high sulphide levels in sediments, as a response of 

high sulphate reduction fuelled by high OM from eutrophication and 

terrestrial runoff, leading to increased rhizosphere O2 demands and 

sediment toxicity (Pedersen et al., 2004), and (5) water temperature 

stress (i.e. temperatures at or beyond threshold levels of e.g. 

physiological processes in seagrasses), as a result of global warming 

(Arias-Ortiz et al., 2018; Jordà et al., 2012; Jordà et al., 2013), affecting 

productivity (Collier et al., 2017; Egea et al., 2019; Gao et al., 2018) 

and carbon stocks (Macreadie and Hardy, 2018) of seagrass meadows. 

While each individual stressor can be either neutral, positive or negative 

while alone (Campbell et al., 2006; Collier and Waycott, 2014; Fraser 

et al., 2014), their combined antagonistic or synergistic effects might 

have wide-spanning deleterious effects on productivity of seagrasses 

(Kroeker et al., 2013; Lacoue-Labarthe et al., 2016; Mvungi, and Pillay, 

2019). Moreover, water temperature stress on seagrasses is predicted to 

increase in future global warming, where the intensity and frequency of 

occurrence of extreme temperatures and heatwaves are likely to 

increase (Björk et al., 2008; Brouns, 1994; Duarte et al., 2010; 

Fourqurean et al., 2012; Jordà et al., 2012; Orth et al., 2006; Waycott et 

al., 2009). The effects of temperature stress are likely to be higher on 

tropical than temperate seagrasses (Hoegh-Guldberg et al., 2018; 
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Pachauri et al., 2014), because tropical intertidal seagrasses are already 

living in an environment where ambient water temperatures frequently 

reach at or beyond threshold levels of their physiological processes, 

especially during midday hours of spring low tides (Campbell et al., 

2006; Collier and Waycott, 2014; Pedersen et al., 2016). 

1.5 Temperature stress – a threat to intertidal seagrass 

meadows of the tropical WIO region 

Factors affecting temperatures of tropical shallow coastal waters 

include large-scale climate processes such as El Niño Southern 

Oscillation (ENSO) – the main driver of year-to-year variation 

(Mahongo, 2014; Roxy et al., 2014), global warming – driven by 

greenhouse gases (Stocker et al., 2013), and natural seasonal and 

diurnal fluctuations (Yang et al., 2015), but also direct anthropogenic 

pressures such as heated effluent water from industries (Thorhaug et al., 

1978). In the tropical WIO region, where most of the studies in this 

thesis were performed, seasonal temperature is largely influenced by 

the monsoon winds, whereby the northeast (NE) monsoon, often 

characterized by weak winds, has higher average temperatures (around 

30oC) than the southeast (SE) monsoon, which is often characterized by 

lower temperatures (around 25oC) and strong winds (Mahongo, 2014; 

Roxy et al., 2014). Diurnal variability of temperatures in shallow waters 

within this region is mainly influenced by the tidal cycle, which is 

predominantly semi-diurnal with two high tides and two low tides of 

approximately equal size each day (Geere, 2014; Mahongo, 2014). 

High tides occur twelve hours and twenty-five minutes apart, where it 

takes six hours and twelve and half minutes for the water at the shore 

to go from high to low, or from low to high (Pugh and Woodworth, 

2014). During day low tide (Figure 2), the water in intertidal pools may 

periodically be heated up to 40-44oC, especially during midday hours 

(Figure 3), owing to a combination of high air temperatures and high 

solar insolation. Under such circumstances, the seagrasses within the 

region might experience stress from elevated water temperatures for 

periods of approximately 1 to 3 hours, which then disappear during 

incoming high tide. This could affect physiological performance of 

many intertidal seagrasses (Campbell et al., 2006; Collier and Waycott, 

2014; Pedersen et al., 2016), compromising the transport of 

photosynthetically derived O2 to the sediment rhizosphere, thereby 

potentially affecting biogeochemical processes therein (García et al., 
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2013). Taken together, these could substantially reduce both 

productivity and carbon stocks of tropical WIO seagrass meadows 

(Deyanova et al., 2017; Gullström et al., 2018). Moreover, under future 

global warming, the number of days with elevated water temperature is 

expected to increase (both in intensity and frequency of occurrence) in 

most tropical areas (Hoegh-Guldberg et al., 2018), where the inter-

annual temperature variability is low (Mahongo, 2014; Yang et al., 

2015), and this would further exacerbate the impacts of temperature 

stress on tropical WIO seagrass meadows (Collier and Waycott, 2014; 

Massa et al., 2009). 

 

Figure 2. A seagrass meadow in Chwaka Bay, Zanzibar, exposed to air 

temperatures and high solar insolation during day spring low tide. 

Photo credit: Rushingisha George 



21 

 

 

Figure 3. Pilot data showing the temperature and light recorded (on 

the 3rd of February, 2014) within an intertidal seagrass meadow at 

Mbweni in Unguja Island, Zanzibar, Tanzania. 

1.6 Physiological constraints promoted by temperature stress 

in seagrass meadows 

Photosynthesis, respiration and photorespiration, which are key drivers 

of productivity in most plants, operate over a wide range of 

temperatures and can serve as sensors of temperature stress and 

imminent mortality (Allakhverdiev et al., 2008; Biswal et al., 2011; 

Crafts-Brandner and Salvucci, 2002; Duarte et al., 2010). Increases in 

water temperatures, of between 5 and 15ºC, above ambient levels for a 

period of few minutes to a few hours, can negatively affect these 

processes in seagrasses (Campbell et al., 2006; Collier et al., 2017). 

However, the impact depends on the magnitude of deviation from 

ambient water temperatures, the duration of exposure and interactions 

with other environmental factors such as light intensity, DIC and 

dissolved oxygen (DO) conditions (Allakhverdiev et al., 2008; Sharkey 

and Schrader, 2006). 
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Photosynthesis is highly sensitive to temperature stress and is often 
inhibited at lower temperatures than other physiological processes 
(Berry and Bjorkman, 1980; Mathur et al., 2014). The primary targets 
for temperature stress are within the photosynthetic apparatus, e.g. 
oxygen evolving complex (OEC), the reaction centre proteins (D1 and 
D2), the cytochrome b6/f complex and plastoquinone, as well as the 
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) of the 
Calvin Benson cycle (Giardi et al., 1997; Mathur et al., 2014). When 
the temperature increases gradually, the photosynthetic rate will 
increase until a threshold level is reached, a point or a range of a few 
degrees (i.e. 16-25ºC [Repolho et al., 2017; Staehr and Borum, 2011] 
and 25-45ºC [Campbell et al., 2006; Collier and Waycott, 2014; Collier 
et al., 2017; Wilkinson et al., 2017] for some temperate and tropical 
seagrasses, respectively), above which photosynthetic rates decline 
rapidly. This is mainly due to temperature stress effects on the 
photosystem II (PSII) subunits (Yamamoto, 2001), specifically on the 
D1 and D2 proteins, which bind all the redox-active cofactors (e.g. 
Mn2+ and Ca2+) that are required for the electron transport (Järvi et al., 
2015; Nath et al., 2013). Such PSII damage can further be enhanced by 
high levels of reactive oxygen species (ROS) induced by photo-
inhibition, which tend to supress the de novo synthesis of new D1 
copies (Allakhverdiev et al., 2008; Jensen, 2000; Sharkey and Schrader, 
2006). A partial inhibition of PSII has been suggested to protect the 
photosystem I (PSI) against photo-damage by reducing the redox 
pressure on PSI (Järvi et al., 2015). Such a partial PSII damage is likely 
to recover owing to an efficient repair cycle, which permit fast 
biosynthesis, assembly and repair D1 protein and other PSII subunits 
(Carr and Björk, 2007; Giardi et al., 1997; Järvi et al., 2015; Nath et al., 
2013; Sharkey and Schrader, 2006). This cycle begins by 
phosphorylation, followed by dephosphorylation and subsequently 
degradation of damaged D1 protein, and is driven by kinase, 
phosphatase and protease, respectively, and ultimately it ends up with 
the assemblage of newly synthesized D1 proteins (Figure 4). The plants 
can also employ protection mechanisms against the PSII damage from 
small temperature increases, including increases in energy dissipation 
(through enhanced non-photochemical quenching) and cyclic electron 
flow around PSI (involving Cytochrome b6/f complex), which together 
play a crucial role in PSII downregulation against temperature stress 
(Mathur et al., 2011). However, a large temperature increase often 
causes an abrupt decline of photosynthetic rates due to irreparable 
damage of the PSII resulted from disruptions of its enzymes and 
membranes in the chloroplast as well as inhibition of the D1 protein 
synthesis by high levels of ROS such as super oxide anion radical and 
hydrogen peroxide (Sharkey and Schrader, 2006; Wahid et al., 2007). 
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The irreparable damage of the PSII prevents its recovery even after 
exposure to several minutes or hours of darkness and ambient 
temperatures, which can potentially limit plant productivity. 

 

Figure 4. Simplified model showing the major steps of the PSII photo-

inactivation repair cycle (which are relatively similar to the steps of the 

heat-inhibition process [Sharkey and Schrader, 2006] as high light 

intensity is usually accompanied by high temperature stress) and the 

major assisting proteins of the process in higher plant chloroplasts. 

Green, grey and white colours indicate PSII core proteins, LHCII 

proteins, OEC proteins and assisting protein factors, respectively. 

Light-induced damage of the D1 protein is highlighted by red colour. 

Oxygen-evolving complex, light harvesting complex and 

phosphorylation are indicated by OEC, LHC and P, respectively. The 

figure is from Järvi et al. (2015) and is printed with permission from 

the publisher. 
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Mitochondrial respiration is known to increase with temperature until a 

critical temperature, where the respiratory machinery in the cells is 

thought to collapse (Allakhverdiev et al., 2008; Pedersen et al., 2016). 

Higher rates of respiration (R) than photosynthesis (P) may result in 

carbon imbalance in plants that is caused by higher carbon loss than 

carbon gain (Gao et al., 2018; Zimmerman et al., 1989). This carbon 

imbalance can trigger metabolism of carbohydrates stored in leaves, 

roots and rhizomes during high energy demand and thus negatively 

affecting biomass production (Alcoverro et al., 2001; Gao et al., 2018). 

 

Photorespiration is a process by which Rubisco, the carbon assimilation 

enzyme, reacts with O2 instead of CO2 in photosynthetic carbon fixation 

(Badger et al., 2000; Buapet et al., 2013b; Busch, 2013; Laisk et al., 

2000; Leegood and Edwards, 1996). In this process, O2 binds to 

ribulose bisphosphate to form phosphoglycolate (Bowes et al., 1971; 

Jensen and Bahr, 1977). Thus, O2 competitively impedes CO2 fixation, 

especially under conditions of decreasing CO2 and increasing O2 levels. 

Moreover, elevated water temperature decreases the affinity of the 

carboxylase to CO2 and increases the O2/CO2 solubility ratio (Ku and 

Edwards, 1977). This together with increasing photosynthetic rates with 

temperature (up to a threshold temperature level) could increase O2 

levels in the water column that promote photorespiration (Ku and 

Edwards, 1977; Sharkey and Schrader, 2006). 

 

The rate changes of physiological processes to elevated temperature can 

be predicted by a temperature coefficient, Q10, which is a factor for the 

increase of metabolic rates to a temperature increase of 10oC (Pedersen 

et al., 2016). It has been suggested that respiration increases with 

temperature faster than does photosynthesis (Pedersen et al., 2016). A 

Q10 of such processes may also differ between the different parts of the 

plant depending on tissue type and age, and has been applied as a 

measure of how the productivity of the plants responds to temperature 

variations (Collier et al., 2017; Körner, 2006; Zimmerman et al., 1989). 

Q10 is calculated as: 

 

Q10 = (R2/R1)10/(T2-T1)        (1) 

 

where R2 is the rate at the higher temperature (T2) and R1 is the rate at 

the lower temperature (T1). 
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The temperature sensitivity of seagrasses (and other plants) is species-

specific and depends also on the duration of exposure, frequency and 

intensity as well as interactions with other environmental factors, such 

as light intensity, (Campbell et al., 2006; Collier and Waycott, 2014; 

Pedersen et al., 2016), contaminants (Wilkinson et al., 2017) dissolved 

oxygen and sulphide intrusion into roots from the sediment (García et 

al., 2013; Koch and Erskine, 2001). Temperature sensitivity, thresholds 

and acclamatory potential of seagrasses can also vary with phenological 

stage, and hence seedling development and sexual reproduction stages 

may have different temperature thresholds to that of mature plants 

(Wahid et al., 2007). When compared to ambient water temperatures, 

the threshold temperatures of physiological processes can indicate the 

vulnerability of seagrasses to future warming, as they defines the 

temperatures above which the net productivity of the plants decline 

(Adams et al., 2017; Collier and Waycott, 2014; Collier et al., 2017; 

García et al., 2013). 

1.7 Linkages between seagrass physiological processes and 

underlying sediment biogeochemical processes 

Seagrasses, through their photosynthesis and respiration, can influence 

not only the oxygenation level of the water column but also of the 

underlying sediment (Greve et al., 2003; Olsen et al., 2018; Pedersen et 

al., 2004; Pedersen et al., 2016; Pedersen et al., 2015). They can also 

determine the relative distribution of the different forms of DIC (i.e. 

CO2, HCO3
- or CO3

2-) in the surrounding water, since their uptake and 

release of CO2 will affect pH (Beer et al., 2014; Buapet et al., 2013a; 

Buapet et al., 2013b; Burdige and Zimmerman, 2002; Burdige et al., 

2008). Concurrently with photosynthetic uptake of CO2, seagrasses 

supply O2 (Devereux et al., 2011; Duarte et al., 2005; Marbà et al., 

2010; Marbà et al., 2007) and key metabolites (Egea et al., 2019; 

Pollard and Moriarty, 1991) to below-ground tissues (Figure 4), which 

play a vital role in regulating the physico-chemical microenvironments 

around the underlying sediment as well as support high rates of 

microbial carbon mineralization within their sediment (Borum et al., 

2007; Brodersen et al., 2018; Nagel, 2007; Pedersen and Borum, 1998). 

The photosynthetic O2 produced is transported from the leaves (with 

high O2 partial pressure) to below-ground tissues (with low O2 partial 

pressure) via special gas-filled spaces, the lacunae system (Figure 5; 

Brodersen et al. (2018)), that stretches through the leaves and roots, and 
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is released to the rhizosphere mainly from the root tips (Brodersen et 

al., 2018; Olsen et al., 2018; Pedersen et al., 1998). This increases the 

O2 redox conditions (a measure of the oxidation potential) in the 

sediment rhizosphere and promotes the oxidation of potentially toxic-

reduced metabolites, including sulphide, Ferric (II) ion and Manganese 

(II) ion (Brodersen et al., 2018; Brodersen et al., 2015; Enríquez et al., 

2001; Marbà et al., 2010; Olsen et al., 2018; Pedersen and Borum, 

1998). 

 

Figure 5. Illustration of special gas-filled spaces (the lacunae system) 

that facilitate the transport of photosynthetic oxygen produced to the 

sediment rhizosphere. Image is from slideplayer.com/slide/4687625. 

 

The amount of O2 released into the sediments will depend on the 

amount of biomass, shoot density, the total area of photosynthetic 

leaves, plant metabolic rates, sediment oxygen demand, light intensity 

and hydrodynamic conditions (Burdige et al., 2008; Olsen et al., 2018). 

Owing to the strong effects of light intensity on photosynthesis, the 

patterns of seagrass sediment O2 largely follow the daytime changes in 

irradiance, where the maximum O2 concentration in the sediment is 

typically reached during the midday hours when plant tissue O2 partial 

pressure sometimes exceed water column O2 partial pressure (Olsen et 

al., 2018). This might have important implications on redox conditions 

within sediments, which governs biogeochemical processes therein 

(Figure 6). The effects on sediment redox conditions differ by seagrass 

species (Enríquez et al., 2001; Marbà et al., 2007; Olsen et al., 2018) 

and are more pronounced in areas with a high seagrass biomass 
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compared to those with low biomass (Marbà et al., 2010). The lacunae 

system can also provide an effective transport pathway for gases from 

the sediment to the atmosphere (Laanbroek, 2009; Larkum, 1989). 

However, the seagrasses’ capacity to maintain high redox conditions in 

underlying sediments could decrease during stress conditions, e.g. 

elevated water temperatures and anoxia, owing to reduction of plant 

photosynthesis, increased metabolic rates (both in the plant and 

underlying sediment) and compromised plant internal O2 supply that is 

driven by the O2 partial pressure in overlying waters (Brodersen et al., 

2017; Schrameyer et al., 2018a). Inadequate plant O2 supply together 

with high seagrass biomass per unit volume of water during low tides 

(Collier and Waycott, 2014; Pedersen et al., 2016) can lead into an 

upward shift of anoxic or hypoxic (reduced) conditions to surface layers 

in seagrass-associated sediment (Bahlmann et al., 2015; Taillefert et al., 

2007). This could potentially promote anaerobic microbial degradation 

of OM preserved in the upper surface layers of the sediment (Asmala et 

al., 2018; Bateman and Baggs, 2005; Nagel, 2007; Serrano et al., 2015; 

Taillefert et al., 2007). 
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Figure 6. Conceptual diagram of complex plant-sediment interactions 

and biogeochemical processes in seagrass sediments adopted from 

Nagel (2007). Blue arrows represent positive feedback mechanisms, 

while red arrows represent negative feedback mechanisms. The figure 

is printed by a kind permission from the owner. 
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Aim of the thesis  

The overall aim of this thesis has been to understand the impacts of 

future warming on productivity and carbon stocks of tropical seagrass 

meadows in the WIO region. This has been achieved by determining 

the responses of physiological processes in seagrass plants, including 

photosynthesis, respiration and photorespiration, to elevated water 

temperatures and how these affect biogeochemical processes in the 

underlying sediments and the fluxes of CO2 between seagrass, water 

and atmosphere. 

The specific objectives were: 

 

i. To examine the effects of elevated midday temperature stress 

on photosynthetic performance and biomass production of 

four tropical seagrass species (Paper I). 

ii. To examine effects of temperature and hypoxia on 

photosynthesis, respiration and photorespiration of 

seagrasses (Paper II). 

iii. To determine productivity (i.e. photosynthesis and 

respiration) of a temperate seagrass species during 

temperature variations (Paper III). 

iv. To examine how air–water CO2 fluxes in tropical shallow 

waters are driven by submerged macrophytes (Paper IV). 

v. To examine the effects of elevated midday temperature stress 

on methane emission and sulphide levels in tropical seagrass 

sediments (Paper V). 

vi. To assess the effects of tidal variability on emissions of 

methane and nitrous oxide as well as sulphide levels in 

tropical seagrass sediments (Paper VI). 
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2.0 Methods 

2.1 Experimental sites  

Papers I, IV, V and VI focused on tropical seagrasses of the WIO region 

(Figure 7a). Specifically, the studies were conducted in seagrass 

meadows of Unguja Island, Zanzibar, Tanzania (Figure 7d), where the 

climate is tropical and mostly regulated by the northeast (NE) and 

southeast (SE) monsoon winds (Mahongo, 2014). The NE monsoon 

period (characterized by heavy rainfalls, weak winds and high stable 

average air temperatures) is from November to April, while the SE 

monsoon (characterized by weak rainfalls, strong winds and low stable 

average air temperatures) occurs from June to September. The inter-

monsoon months of May and October are relatively calm. The monsoon 

winds profoundly affect temperature conditions of shallow coastal 

waters (Muhando, 2002), with major effects on the intertidal areas. 

Within the intertidal, physico-chemical conditions (e.g. temperature, 

O2, salinity) and hydrodynamic settings are further affected by tidal 

variability, which is predominantly semi-diurnal with two high tides 

and two low tides each day-night cycle, resulting in large diurnal 

fluctuation of both physico-chemical and water level conditions. The 

strength of the tide depends on the relative positions (with respect to the 

earth) and combined gravitational impacts of the moon and the sun, 

forming two main types of tide in the region, namely neap- (with a 

minor tidal range between high and low tides) and spring tides (with a 

large tidal range between high and low tides) (Hammar et al., 2012). 

They both occur twice a month on every two-week interval, with 

average tidal ranges in Chwaka Bay of 0.9 m to 3.2 m for neap- and 

spring tides, respectively (Cederlof et al., 1995; Mahongo, 2014). 

During conditions of day low tides, depending on the type of a tide, the 

intertidal seagrass meadows in the study sites are frequently subjected 

to lower water volumes (high seagrass biomass per unit volume of 

water), which sometimes expose them to high air temperatures and high 

solar insolation for more than six hours. Together, these create extreme 

conditions for several variables, including temperature, pH, light, O2 

and salinity (more pronounced in estuaries) (Campbell et al., 2006; 

Collier and Waycott, 2014; Collier et al., 2011; Pedersen et al., 2016). 

Such extreme conditions, however, gradually disappear during 

incoming high tides, where seagrass meadows become totally 

submerged. The study sites are also exposed to varying degrees of wind 
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influence from the open sea, which may partly regulate the extent of 

their physicochemical- and hydrodynamic conditions. The benthic 

habitats in the study sites, moving seaward, are sandy beaches, rocky 

shores, seagrass meadows, lagoons and algal beds (Gullström et al., 

2006). 

 

Papers II and III were conducted outside the tropical WIO region 

(Figure 7a). Part of paper II and the whole paper III focused on 

temperate seagrass species of the Swedish west coast (Figure 7b), which 

experience large seasonal variation of water temperatures ranging from 

below 0ºC during winter to 19ºC and above during summer (Rueda et 

al., 2009). The other part of Paper II focused on tropical seagrass 

species of the Baan Pa Klok, Phuket province, Thailand (Figure 7d), in 

the Indian ocean. As in the WIO region, seagrass meadows in the 

coastal areas of the Baan Pa Klok are exposed to low water volume, 

high air temperatures and high solar insolation for more than six hours 

during low tides at daytime (Prathep, 2005; Prathep et al., 2010). 

 

Figure 7. a) Map of the study locations in Europe, Asia and Africa. b) 

Magnification of the Swedish west coast with a site in Papers II and III. 

c) Magnification of Baan Pa Klok-Phuket province with a site in Paper 

II. d) Magnification of Unguja Island, Zanzibar, Tanzania, with sites in 

Papers I, IV, V and VI. At Zanzibar, sites 1 (Papers I, V and VI) and 3 

(Papers IV and VI) are sheltered and less influenced by wind from the 

open sea, while sites 2 and 4 (Paper VI) are exposed and more 

influenced by wind from the open sea. 
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2.2 Plant material 

2.2.1 Seagrass species used 

In this thesis, a total of five seagrass species were studied and their 

structural appearance is presented in Figure 8. The four seagrasses 

presented in Papers I, IV, V and VI are tropical species from seagrass 

meadows of the intertidal zone in the WIO region. The tropical seagrass 

species studied were Enhalus acoroides, (L.f) Royle (Figure 8a, Paper 

I), Thalassodendron ciliatum, (Forsk.) den Hartog (Figure 8b, Paper I), 

Cymodocea serrulata, (R. Br) Asche & Magnus (Figure 8c, Paper I) 

and Thalassia hemprichii, (Ehrenb.) Asche (Figure 8d, Papers I, II [the 

Thailand part], IV, V and VI). All these species are important meadow 

building habitats in tropical regions and commonly found in the coastal 

areas of East Africa and Thailand, including the selected study sites 

(Chansang and Poovachiranon, 1994; Gullström et al., 2002; Gullström 

et al., 2006; Prathep et al., 2010). In contrast, Zostera marina (Figure 

8e) is a temperate seagrass species used in part of Paper II (the Swedish 

part) and the whole Paper III. It is also an important ecological engineer 

in temperate regions (Duarte, 2002; Lefcheck et al., 2017), commonly 

occurring as large meadows in sublittoral areas of the Swedish west 

coast, including the study site (Baden et al., 2003; Nyqvist et al., 2009). 
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Figure 8. Illustrations of the five seagrass species studied in this thesis, 

showing leaves, shoots, rhizomes and roots, including a) Enhalus 

acoroides (Paper I), b) Thalassodendron ciliatum (Paper I), c) 

Cymodocea serrulata (Paper I), d) Thalassia hemprichii (Papers I, II 

[the Thailand part], IV and VI) and e) Zostera marina (part of Paper II 

[the Swedish part] and the whole Paper III). Illustrations are modified 

from ian.umces.edu/imagelibrary. 

2.2.2 Algal species used 

The macroalgae used for studies in Paper IV were Halimeda and 

rhodoliths (also called maerl), which are common in the tropical WIO 

region (Figures 9a and b). They are all calcifying algae (CA), which 

precipitates CaCO3 in the form of either aragonite (for the Halimeda) 

or calcite (for the rhodoliths). Halimeda are predominately composed 

of Hydrolithon species (identified according to Oliveira et al. [2005]). 

They occupy a range of habitats from intertidal zone commonly mixed 

together with seagrasses and other macroalgae, in sandy floors of 

lagoons and extend to deeper reef slopes (Hillis-Colinvaux, 1980). 

rhodoliths are free-living that form extensive beds in shallow marine 

benthic environments (Perry, 2005). They are particularly exposed to 

waves and currents and these results in a range of growth forms. In the 

collection site (Figure 7d), while Halimeda grows in intertidal meadows 

mixed with seagrasses and other macroalgae (Figure 9b), rhodoliths 

often grow free and sometimes forms patchy beds in subtidal areas of 

Chwaka Bay (Semesi et al., 2009a; b). 
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Figure 9. Rhodoliths (a) and seagrasses mixed with Hydrolithon 

species (b) from subtidal and intertidal areas of Chwaka Bay, Zanzibar, 

respectively. Photo credit: Rashid Ismail Omary (a) and Mats Björk (b) 
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2.3 Collection of plant material 

2.3.1 Collection of seagrass sods 

Intact sods of sediment with E. acoroides (Paper I), T. ciliatum (Paper 

I), C. serrulata (Paper I) and T. hemprichii (Papers I, IV and V) were 

collected during day low tides, using a 25 cm2 x 30 cm deep stainless 

steel hand held corer (Figure 10a). The corer was gently pushed into the 

sediment, allowing a sod of seagrass (with shoot densities nearly equal 

to the average values in the collection sites) to be carefully lifted out 

(Figure 10b). The sod was immediately deployed in a 100-L PVC 

container (referred to as small tank) and filled up with seawater (to the 

below rim margin) to avoid desiccation during its transport. All 

collected sods were subsequently transported by car (Figure 10c) to the 

experimental site, Buyu - the new building facility of the Institute of 

Marine Sciences (IMS), located nearly 7 and 45 km from Mbweni and 

Chwaka Bay seagrass meadows (the collection sites at Zanzibar), 

respectively. All seagrass species used in the experiments were 

collected from the intertidal areas, which regularly retain some waters 

(nearly 20 cm deep), and are sometimes exposed to high air 

temperatures and high solar insolation during day spring low tides and 

influenced by an even wave exposure. The collected seagrass plants 

(and associated sediments) were acclimatized for one- (Paper IV) and 

three (Papers I and V) days prior the start of the experiment. 
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Figure 10. a) Collection of a seagrass sod during day low tide at 

Mbweni seagrass meadow, Unguja Island, Zanzibar, (b) a seagrass 

sod, and c) seagrass sods deployed in 100-L PVC containers (referred 

to as small tanks) filled up with seawater and ready for transport by car 

to the experimental site. Photo credit: Rushingisha George 

2.3.2 Collection of seagrass plants 

Seagrass genets (clonal individuals) of Z. marina (Paper II [the Swedish 

part] and the whole Paper III) and T. hemprichii (Paper II [the Thailand 

part]), were collected by diving and hand picking (during low tides), 

respectively. Zostera marina specimens were collected from subtidal 

waters (<2 m depth) adjacent to the laboratory at the Lovén Centre for 

Marine Infrastructure-Kristineberg in Fiskebäckskil, Sweden, while T. 

hemprichii specimens were collected from intertidal areas in the Baan 

Pa Klok, Phuket province. Seagrass plants were cleaned of sediments 

and epiphytes with natural seawater. All specimens were collected upon 

the day of measurements and taken directly to the laboratory. During 

the experimental days, the seagrass genets were kept in running surface 

waters supplied with artificial light of similar irradiance to the 

collection sites. Leaf segments of 3 cm in length from the second, third 

and fourth oldest leaf were used in the experiments, as these leaves have 
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been shown to have relatively equal respiratory patterns in Zostera 

marina (Rasmusson, 2015). 

2.3.3 Collection of rhodoliths 

In Paper IV (the mesocosm part), balls of rhodoliths with an average 

diameter of 3 cm (Figure 9a) were collected (one day before the start of 

the experiment) by hand-picking from the subtidal areas of Chwaka 

Bay. 

2.4 Experimental set ups 

2.4.1 Mesocosm technique – a tool for investigating climate change 

effects in marine ecosystems at the community level 

This thesis applied mesocosm set ups to understand: 1) the effect of 

future warming on productivity (Paper I) and carbon stocks (Paper V) 

of tropical WIO seagrass meadows, and 2) how air–water CO2 fluxes in 

tropical shallow waters are driven by submerged macrophytes (Paper 

IV). Mesocosms are useful and effective tools for feasible, near-natural 

climate change experiments at the community level (Benton et al., 

2007; Pansch et al., 2016; Riebesell et al., 2008; Stewart et al., 2013). 

They are powerful tools for studying biotic interactions and 

biogeochemical processes under controlled experimental settings with 

the advantage of true replication. Moreover, the use of mesocosms can 

bring together different disciplines within one facility, e.g. marine 

ecology, physiology, biogeochemistry and molecular biology, while 

addressing a particular research question. Limitations of using 

mesocosms may arise from factors such as low light availability, 

transplant effects, wall effects, limited space and exclusion of grazers 

influencing biotic interactions (Pansch et al., 2016; Stewart et al., 2013). 

An additional constrain is that most mesocosm facilities present today 

lack tidal and current simulations, which can have important 

implications for intertidal communities (and fluxes of trace gases 

[Bahlmann et al., 2015]) from extended periods of immersion, limited 

water mixing and constant grazing pressure (Pansch et al., 2016). Also, 

mesocosms can supress the effects of diffusive and advective exchange 

in porewater, which likely occur during periods of a rising tide (Cook 

et al., 2007). Despite such limitations, mesocosms have remained 

valuable, controllable, near-natural, replicable and feasible tools for 
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studying climate change effects at the community level (Benton et al., 

2007; Pansch et al., 2016). Other methods to study the impacts of 

climate change in marine ecosystems at a community level include 

laboratory-based controlled experiments, numerical modelling and 

field-based observations (Gaylord et al., 2015; Gunderson et al., 2016). 

Regarding modelling studies, these require a good set of data that is 

backed up by studies in the laboratory, such as mesocosm-controlled 

experiments, in addition to field-based observations (Duarte et al., 

2013; Feely et al., 2009; Rasheed and Unsworth, 2011). 

2.4.2 Mesocosm setups 

Papers I, IV and V were mesocosm-based experiments performed in 

three separate years (i.e. 2014, 2015 and 2018) between January and 

April, i.e. when the submerged macrophytes in the tropical WIO region 

are commonly experiencing highly stable average water temperatures 

(Geere, 2014; Muhando, 2002). Papers I and V were temperature stress 

experiments that aimed to determine the response of seagrass 

physiological processes to elevated midday temperature stress 

(frequently occurring in the intertidal areas of the WIO region during 

day low tides) and how these affects biogeochemical processes in 

associated sediment. The study in Paper IV was performed under 

ambient temperature conditions and the main aim was to examine how 

air–water CO2 fluxes in tropical shallow waters are driven by 

submerged macrophytes. 

 

The experimental set up comprised of small tanks, each with four sods 

of different seagrass species (Paper I), and one seagrass species (or a 

proportion of seagrass-rhodoliths) (Papers IV [the mesocosm part] and 

V), filled up with seawater. The small tanks with its content was 

deployed in a 400-L PVC container (referred to as a large tank), with 

its wall slightly higher than the small tank in order to minimize the 

effects of wall shadows on irradiance to the plants (Figure 11), and then 

gradually filled with seawater up to just below the realm of the small 

tank. The water in the large tank maintained against undesirable 

temperatures likely to happen inside the small tank during periods of 

ambient conditions. This set up allowed all experiments to be constantly 

exposed to 1) the daily variation in total irradiance (in response to solar 

insolation) resulting from weather and clouds, 2) normal photoperiod 

conditions, and 3) ambient air temperatures and salinity conditions. 
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During the experimental time, the salinity condition in the small tank 

was checked regularly (on daily basis) and when needed the salinity 

was adjusted by adding seawater. 

 

The temperature stress experiments comprised of six (ambient, 34, 36, 

37, 40 and 45oC) and five (ambient, 35, 37, 40 and 45oC) midday water 

temperatures in Papers I and V, respectively, where the ambient 

temperatures ranged from 29 to 33oC (average 31oC). The elevated 

temperature stress was applied for three midday hours from 10:00 to 

13:00 to simulate conditions during midday low tide, for seven 

consecutive days, by heating the water in the small tanks with 

submersible electrical heaters until targeted temperature spikes were 

reached (after up to 2 hours). After the stress period, the heated water 

in the small tanks were returned to ambient levels by draining 75 % of 

the water and gradually replacing them with ambient water (simulating 

incoming water during high tide) until ambient temperatures were 

reached. To replicate the experiment, the full setup was repeated (four 

times in Paper I and three times in Paper V) with new plant material 

(and associated sediment) and water in every second week (coinciding 

with spring low tides). In Paper I, chlorophyll fluorescence 

measurements (or estimations) of electron transport rate (ETR) and 

maximum quantum yield (Fv/Fm) of PSII, as indicators of 

physiological response of a plant to environmental change, were done 

after every two hours interval from early morning before sunrise (i.e. 

5:00) to late evening after sunset (i.e. 19:00), and biomass samples were 

harvested at the end of every experiment. In Paper V, data for 

estimation of ETR and Fv/Fm, and samples for estimation of methane 

and sulphide levels, as proxies for sediment biogeochemical processes, 

were collected during the elevated temperature periods (daytime) and 

during night at both start and end of the experiment. 

 

Ocean warming is globally considered as one of the most important 

threats to productivity and carbon stocks of tropical and Mediterranean 

seagrass meadows (Arias-Ortiz et al., 2018; Collier and Waycott, 2014; 

Kelaher et al., 2018; Marba and Duarte, 2010; Waycott et al., 2009), 

and can also be associated with large loss of seagrasses in the tropical 

WIO region (Geere, 2014; Short et al., 2016). The temperature stress 

levels of the experimental treatments were determined based on 

previous experimental works from tropical seagrasses (Campbell et al., 
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2006; Collier and Waycott, 2014; Pedersen et al., 2016) as well as 

considering predicted future increase of sea surface temperatures 

(SSTs) by 2100 under a global warming scenario (Bernstein et al., 2008; 

Pörtner et al., 2014), and are in line with the pilot data of in situ 

temperature measurements within the seagrass canopy (Figure 3). 

 

Figure 11. Set-up of outdoor mesocosm experiments performed in 2014, 

2015 and 2018 at Buyu, Zanzibar, Tanzania. This set up allowed the 

experiments to be constantly exposed to 1) the daily variation in total 

solar radiation, 2) normal photoperiod conditions, and 3) ambient air 

temperatures and salinity conditions. Unlike total solar radiation and 

air temperatures, which varied with time of the experimental day, 

salinity levels and photoperiod conditions were relatively constant 

throughout the experimental time. Letters a-e indicate experimental 

conditions of ambient, 34 (Paper I) or 35 (Paper V), 36 (Paper I) or 37 

(Paper V), 40 and 45oC (Papers I and V), respectively. Photo credit: 

Rushingisha George 

 

In order to detect the effects of macrophytes on the air–water CO2 

exchange in tropical shallow waters, the mesocosm part of Paper IV 

comprised of six experimental conditions performed simultaneously. 

These included 100 % T. hemprichii (average of 200 shoots), 75 % T. 

hemprichii (average of 150 shoots) / 25 % rhodoliths (average of 15 

balls), 50 % T. hemprichii (average of 100 shoots) / 50 % rhodoliths 

(average of 30 balls), 25 % T. hemprichii (average of 100 shoots) / 75 

% rhodoliths (average of 45 balls), 100 % rhodoliths (average of 60 
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balls) and unvegetated sediment as controls. The percentage 

composition in experimental conditions of both seagrass sods and 

rhodoliths were estimated using a 0.25 x 0.25 m plastic framed quadrat 

and their percentage composition reflected the shoots density (1250 

shoots per m2) and coverage (360 balls of rhodoliths [Figure 9a] per m2 

with an average diameter of 3 cm) of the collection sites. Measurements 

of air–water CO2 fluxes and associated physico-chemical conditions 

(dissolved oxygen [DO], temperature, pH, salinity and total alkalinity 

[TA]) were done above the macrophyte beds after every 2 hours from 

06:00 (before sunrise) to 18:00 (after sunset). Due to the sensitivity of 

rhodoliths (based on pilot experiments) to elevated midday temperature 

stress, the experiments were only performed in one day. To replicate 

the experiment, the full setup was repeated in six separate days with 

new seagrass sods, rhodoliths, unvegetated sediments and water on 

every second day. 

2.4.3 Incubation chamber set ups 

Two separate experiments were performed in Sweden and Thailand to 

examine the effects of temperature levels and hypoxia on productivity 

of Z. marina and T. hemprichii (Paper II). Seagrass leaf segments were 

incubated in closed chambers (Figure 12) with internal mixing 

connected to Clark type electrodes (DWA1, Hansatech), which follow 

the oxygen concentration (Pedersen et al., 2015), with 3-5 chambers 

running simultaneously. The leaf segments were positioned in a U-

shaped manner inside the chambers (Figure 12) to harvest as much light 

as possible. The temperature was controlled using a water bath (Lauda) 

that circulated water through jackets surrounding the chambers. The 

temperature treatments were 10, 15, 20, 25, 30, 35, 40°C (in Sweden 

and Thailand), and 45°C (in Thailand). The water used was heated or 

cooled to attain the desired experimental temperatures prior to the 

insertion into the chambers. Water movement within the chamber was 

maintained using magnetic stirrers. Oxygen levels used were either 

equilibrated with air or oxygen depleted, where the O2 was reduced 

down to approximately 10 % of equilibrated values by bubbling with 

nitrogen gas (N2). The oxygen levels were assessed during 15 minutes 

of darkness and the recorded value was taken when steady state 

respiration was obtained. 



42 

 

 

Figure 12. Seagrass leaf segment (3 cm) incubated in a closed chamber 

with internal mixing connected to Clark type electrode. Photo: Lina 

Rasmusson 
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To estimate the effects of elevated summer temperatures on respiration 

and photosynthesis of a temperate seagrass (Paper III), shoots, leaves, 

roots and rhizomes of Zostera marina were exposed to ambient (19 ± 

1°C) and elevated temperatures (29 ± 1°C). The plant segments were 

incubated in closed chambers similar to Paper II (Figure 12). Saturating 

light of ~ 450-µmol photons m-2 s-1 was applied on the side from a cold 

light source (KL 1500 LCD, Zeiss, Oberkochen, Germany). The water 

in the chambers was kept under constant movement using magnetic 

stirrers (as in Paper II). The water temperature was controlled by 

circulating water of fixed temperatures through jackets surrounding the 

chambers using a temperature bath (RC20, LAUDA, Lauda-

Königshofen, Germany). The leaves were kept in complete darkness for 

35 minutes to obtain steady state respiration followed by 15 minutes of 

light until steady state photosynthesis was obtained. The root and 

rhizome measurements were conducted at the end of the experimental 

period and oxygen consumption was recorded during 20 minutes of 

darkness. The plant material was subsequently dried in an oven at 60ºC 

for 24 hours and weighed to obtain dry weight of the measured samples. 

The rates of oxygen consumption- and evolution were calculated based 

on the dry weight of the plant tissue. Calculation of Q10 followed 

standard methods (Tjoelker et al., 2001). 

2.6 Field studies 

Paper VI was a field-based study that aimed to assess the effect of daily 

tidal variability (i.e. two high tides and two low tides each day-night 

cycle) on emissions of methane and nitrous oxide as well as sulphide 

levels in tropical WIO seagrass sediments. The samples were collected 

from four sites (Figure 7d) during two high tides and two low tides of 

both day and night. At each site, three plots each on Thalassia-

dominated meadows and adjacent unvegetated sediments were chosen. 

Within each plot, three replicate samples of sulphide were collected 

from the sediment pore water at depths of 5, 10 and 15 cm. The samples 

were then filtered using a micro-filter (GF/F 0.2 µm) and inserted into 

conical flask covered with rubber stoppers, and instantly fixed with 10 

mL of 2 % zinc acetate to avoid oxidation of the sulphide gas during 

sample transport. Parallel to sulphide samples, three subsamples of both 

methane and nitrous oxide were collected from closed chambers 

(Perspex chambers), one in each plot. The chambers were gently pushed 

into the sediment, tightly closed with rubber stoppers (to ensure sealing 
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against ambient atmosphere and contain an air phase above the water 

phase inside the chambers) and incubated for three hours between 10:00 

and 15:00 during the daytime, and between 22:00 and 3:00 during night. 

Gas subsamples from each chamber were then taken from the air phase 

using 1-mL gas tight syringe (BRAUN Omnifix®-F solo German), 

inserted into rubber bungs and stored in room temperature (25ºC) for 

approximately five days prior to analysis. 

 

Part of paper IV was also a field-based study that aimed at assessing 

how CO2 flux in seagrass ecosystem is influenced by different 

composition of vegetation (calcifying algae, here composed of 

Halimeda spp.), the results which were proved under mesocosm 

experiments. Rates of air–water CO2 fluxes were assessed during low 

tides of day (from 08:00 to 18:00) and night (from 19:00 to 5.00). 

Parallel to this, measurements of total alkalinity, pH, DO, temperature 

and salinity were done. 

2.7 Assessment of plant productivity 

2.7.1 Electron transport rate (ETR) and maximal quantum yield 

(Fv/Fm, Fv/Fo) 

Both ETR (on ambient light-adapted samples) and Fv/Fm (on dark-

adapted samples) were assessed by pulse amplitude modulated 

chlorophyll fluorescence. Chlorophyll fluorescence is used to measure 

photosynthetic energy conversion of PSII in higher plants, algae and 

bacteria, which can be used to estimate the rate of linear electron 

transport though PSII and PSI when multiplied by light (Beer et al., 

2014; Pedersen et al., 2015). A Diving PAM (PAM-Walz, Effeltrich, 

Germany; Figure 13) was used to assess ETR and Fv/Fm yields of PSII 

in Papers I and V, and ETR, Fv/Fm and Fv/Fo (inferred activity of 

oxygen evolving complex) yields of PSII in Papers II and III were 

assessed by a Classic PAM Fluorometer (Aquation, Australia). Both 

brands of PAM fluorometers are equally effective for assessment of 

photosynthetic efficiency of plants or algae at a leaf level (Beer et al., 

2014). While measurement of ETR is used to indicate the plant’s 

photosynthetic rate under actinic light conditions, changes in Fv/Fm 

and Fv/Fo are used as stress indicators in plants (Beer et al., 2014). 

Measurements of ETR were done on the third leaf from the basal leaf, 
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which have been shown to have relatively equal respiration rates in 

Zostera marina (Rasmusson, 2015). The limitation of fluorescence 

technique is that it only measures a segment of plant, which may not be 

an indication of a whole plant response to environmental changes. Also, 

the method does not permit linkages between photosynthetic ETR and 

net primary productivity, because respiratory rates are not estimated 

(Mateo et al., 2006). Hence, a simultaneous measure of chlorophyll 

fluorescence and gas exchange of either O2 or CO2 is highly 

recommended (Beer et al., 2014) and was adopted in Papers II and III. 

Alternative approaches could have been the use of Laser Induced 

Fluorescence (LIF) sensors and Sun Induced Fluorescence (SIF), which 

both fits well for assessment of plant productivity over large areas 

(Raesch et al., 2014) and could be applied in future studies for a similar 

purpose at a scale of a meadow. 

 

Figure 13. Diving pulse amplitude modulated (PAM-Walz, Effeltrich, 

Germany) used to assess ETR and Fv/Fm yields of PSII. Photo credit: 

Lina Rasmusson 

2.7.2 Oxygen exchange measurements 

Production and consumption of oxygen by a seagrass plant presented in 

Papers II and III were estimated by the gas exchange technique, 

commonly used to determine the plant productivity of submerged 

macrophytes (Beer et al., 2014; Pedersen et al., 2015). However, 

oxygen chambers are quite small (3 cm), and cutting of seagrass shoot 

may stress the plant and possibly alter rates (Rasmusson, 2015), as 
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segments of plants were used instead of full shoots (Figure 12). 

Furthermore, both photosynthesis and respiration processes can modify 

the oxygen and inorganic carbon (Ci) conditions dramatically within 

incubation chambers (Beer et al., 2014; Pedersen et al., 2015). High 

photosynthetic rates might thus increase the oxygen levels so that more 

photorespiration is occurring than normally in natural environments 

(Buapet et al., 2013a; b). This could potentially lower the 

photosynthetic rates, and also enhance carbon stress as less Ci may be 

available for photosynthesis (Beer et al., 2014; Buapet et al., 2013b). 

Accordingly, it is recommended to limit the incubation duration, use 

appropriate amounts of biomass, maintain stirring to reduce the 

diffusive boundary layer and control temperatures in the chambers 

(Pedersen et al., 2015; Rasmusson, 2015). 

 

Alternative approach could have been to measure CO2 fluxes by 

infrared gas analysis (IRGA) (Pedersen et al., 2015), as applied in Paper 

IV (but with a different purpose). The limitation of this technique is that 

it is designed for CO2 measurement in air, which makes it highly 

difficult to use in water (Beer et al., 2014; Pedersen et al., 2015). For 

DO in aquatic environments the highly accurate Winkler method have 

been used (Del Giorgio and Williams, 2005; Pedersen et al., 2015). 

However, to get the DO concentration using this method, the water 

samples need to be fixated and pass through a series of titration steps 

(Del Giorgio and Williams, 2005). This would be logistically difficult 

for the objective of this thesis (Papers II and III), which aimed to get 

continuous logging of O2 values over time and the large quantity of 

samples that need to be taken from the small chambers used (Figure 12) 

would be highly time-consuming and likely impossible. 

2.7.3 Biomass collection and estimation 

Estimation of biomass in Papers I and VI was done by using a 0.25 x 

0.25 m framed plastic quadrat, randomly thrown within the seagrass 

meadow and then collecting the plant biomass within the frame. Three 

replicates of above- and below-ground biomass were taken in each 

seagrass meadow (Paper IV) and during every collection of new plant 

material (and associated sediment) for the experiments (treated as 

biomass before the experiment) in Paper I. At the end of each 

experimental run in Papers I and IV, the plant material was also 

harvested (treated as biomass after the experiment) (Figure 14). This 

was compared to the biomass collected before the experiment to 
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estimate the biomass loss following temperature stress in Paper I. The 

advantage of this method is that it provides precise estimates if the 

sampling strategy is well defined (Krause-Jensen et al., 2004). The 

method has a disadvantage of being destructive and costly, requiring 

sampling in the field as well as subsequent laboratory work (Duarte and 

Chiscano, 1999; Prathep et al., 2010). Alternative methods for 

estimating initial biomass would have been the use of visual 

observation without plant collection, through photographs of quadrats. 

Despite of being non-destructive, visual observation can only estimate 

above-ground biomass and requires multiple observers to improve 

estimates (Short and Coles, 2001). With such drawbacks, the quadrat 

methods remains an ideal method for estimation of above- and below-

ground biomass adopted in this thesis. 

 

 

Figure 14. Harvesting of a seagrass sod at the end of the temperature 

stress experiment (biomass after), which was compared to biomass 

before the start to indicate the biomass loss presented in Paper I. Photo 

credit: Rushingisha George 
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2.7.4 Estimation of CO2 fluxes 

A floating chamber connected (by means of Teflon tubes through which 

the seawater flows) to an Infrared gas analyser (IRGA) was employed 

to examine how air–water CO2 fluxes in tropical shallow waters are 

driven by submerged macrophytes (Paper IV). This method is easy to 

use under both mesocosm- and field conditions. It has a number of 

benefits including integrated system design and low power (can be 

operated by a 12 V car battery in the field). However, the method has 

some limitations, including difficulties to use in high-wind conditions 

(such as during a storm). Also, the issue of temperature and pressure 

change as confounders of gas transfer estimates in this thesis was 

addressed by running measurements in a very short time (about 4-10 

minutes in each container and in situ, respectively) in a moderate wind 

speed (> 2 m/s), where the temperature and pressure changes were not 

expected to interfere with gas transfer measurements. Alternative 

methods could have been the use of eddy-covariance technique, which 

requires an appropriate quality control (Xiao et al., 2012). 

2.7.5 Estimation of photorespiration 

Photorespiration in leaves was estimated by measurements of O2 

exchange described in section 2.7.2. This method is based on the 

assumption that photorespiration is linearly dependent on the O2 

concentration, where the photorespiration is saturated and constant 

above 1.5 % O2 (Busch, 2013). Moreover, this method assumes that O2 

uptake by alternative O2-consuming processes is negligible and ignores 

the differences between mitochondrial O2 consumption in the light- and 

dark phases. To overcome such limitations, 18O isotopes can be used to 

trace the metabolites of the photorespiratory pathways, but this is 

beyond the objective of this thesis. Other methods that will likely be 

used in future studies, include measurement of ammonia production, 

measurement of photorespiratory CO2 release from primary and stored 

photosynthates, tracing the oxygen isotopes, and analysis of 13C-

labelled metabolites. 

2.8 Estimation of sediment pore water sulphide concentration 

Papers V and VI included estimations of sulphide levels in pore waters. 

Concentration of sulphide was determined by a colorimetric method 

(where dissolved sulfide concentration in the mixture was then 
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determined spectrophotometrically at 663 nm), where sulphide is 

incorporated into methylene blue in the presence of acidic N, N-

Dimethyl-phenylenediamide and ferric ammonium sulphate (Lawrence 

et al., 2000). The simplicity, sensitivity (detection limit of 0.01 ppm 

attainable through UV/visible spectrophy) and specificity make this 

method superior to other techniques (Lawrence et al., 2000). 

Alternative methods could have been the use of electrochemical 

detection and chromatography techniques, which are second and third 

in applications after spectrophotometric technique, respectively 

(Lawrence et al., 2000). The advantage of the former method is that it 

is easy and fast to use in the field (Jeroschewski et al., 1996). However, 

it has several disadvantages, including long response times and 

poisoning of the reference electrode by sulphide (Jeroschewski et al., 

1996). 

2.9 Estimation of methane emissions 

Methane emissions from sediments (Papers V and VI) were estimated 

by means of a closed chamber technique, and with samples measured 

in a gas chromatograph (GC). The chambers were gently pushed as 

described in section 2.6. Gas samples were taken using a 1-mL air-tight 

syringe and stored for five to seven days before analysis. In the 

laboratory, methane gas samples were analysed by means of GC-FID 

technique to quantify the amount of methane emitted. The closed 

chamber technique is robust, cheap and easy to operate, so that it is 

likely to be used for wide range of conditions from mesocosms to field 

studies (Smith et al., 1995). The disadvantages with the closed chamber 

incubation technique is that usually it measures accumulation (collected 

at the end of an incubation) and lack continuous measurements outside 

the incubation period. Moreover, it is labour intensive (due to a large 

number of replicates to overcome spatial variability) and the presence 

of a chamber may essentially alter the flux by changing the 

environmental conditions (Smith et al., 1995). 

 

Alternative approaches could have been the use of open chamber 

methods and application of automatic systems that allow intensive 

measurements to be made on a 24 hours basis (Bahlmann et al., 2015). 

This saves time and labour, but such systems are costly and complex to 

construct and maintain (Smith et al., 1995). Furthermore, these 

approaches need a power supply, which may be difficult to use in the 
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study sites of this thesis (intertidal areas), as the spatial spread of 

chambers at a site may be limited by lengths of cables. In addition, a 

non-dispersive infrared methane analyser has been used to estimate 

methane emission (Griffith et al., 2002; Miyata et al., 2000). The major 

disadvantage of this method is that it has low sensitivity necessary to 

detect concentrations of weaker absorbers (e.g. methane), and hence 

this technique could not fit well for the measurements performed in this 

thesis. Another approach is the use of the time-correction tracer method, 

which uses Fourier Transform Infrared (FTRI) absorption spectroscopy 

(Galle et al., 2001). This provides continuous estimates and is likely to 

be used in future studies. 

2.10 Estimation of nitrous oxide emissions 

Samples for nitrous oxide emissions (Paper VI) were collected from 

seagrass sediments in a similar way as described in sections 2.6 and 2.9. 

In the laboratory, the GC-ECD technique was used to quantify the 

amount of nitrous oxide. The advantages and drawbacks of the closed 

and open chamber techniques are presented in section 2.9. The GC-

ECD is powerful and capable to detect a wide range of emission rates, 

from the order of 1 µg m-2 h-1 to more than 10 mg m-2 h-1 (Smith et al., 

1995). Alternative approaches to quantify nitrous oxide emissions from 

sediments could have been by means of an acetylene approach 

(Bateman and Baggs, 2005). This method is comparatively easy and 

quick and has been widely used to assess denitrification in aquatic 

environments (Seitzinger et al., 1993). Because of its inhibitory effects, 

for example on methanogenesis and sulphate reducing bacteria 

(Fulweiler et al., 2015), the method could not fit in this thesis. 

2.11 Estimations of water light, temperature, salinity, pH and 

DO 

Water temperature and light in both the mesocosm- and field conditions 

in Papers I, V and VI, were recorded using combined temperature- and 

light loggers (HOBO Pendant Temp/Light Logger 8K; Onset, Bourne, 

MA, USA) set at logging every 30 seconds. These loggers are coated 

with an antifouling copper housing, which protects the sensor and thus 

gives accurate and continuous long-time measurements of light and 

temperature under field conditions. Both in the mesocosm and in situ 
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set ups of Paper IV, DO, salinity and pH were measured using an O2 

electrode (FDO 925, WTW), a salinity electrode (TetraCon 925, WTW) 

and a pH electrode (SenTix 940, WTW), all separately connected to a 

multi-meter (Multi 3430 WTW, German). All electrodes read 

temperature. Choosing this method reduces the number of equipment 

while in the field, as electrodes need to be transferred from port to port 

only during measurements. Its weakness is that it gives discrete and not 

continuous data. Traditionally, DO has been estimated precisely by the 

Winkler method (Del Giorgio and Williams, 2005; Pedersen et al., 

2015), which determines O2 concentrations spectrophotometrically, 

under field conditions this method would be logistically difficult and 

even more labour intensive than other methods. 

2.12 Estimation of total alkalinity 

Total alkalinity (TA) in Paper IV was analysed according to the rapid 

electrometric determinations of the alkalinity (Anderson and Robinson, 

1946). This method is robust, fast, cheap and easy to operate, which 

makes it useful for a wide range environments, from the laboratory to 

field conditions. An alternative method could have been the use of 

spectrophotometric procedures that needs a spectrophotometric 

machine to read samples, although such a method is not suitable for 

field studies like those employed in this thesis. 

2.13 Determination of calcification 

The alkalinity normality method was employed to estimate the calcification 

rate by assuming that the calcification process removes one equivalent 

inorganic carbon, which cause a change of two equivalents in the TA (El 

Haïkali et al., 2004). Hence, inorganic carbon used in calcification was 

estimated as the change in TA divide by two. Alternative methods would have 

been the use of the Carbon-14 or satellite (e.g. remote sensing) measurements 

for assessment of calcification rates (Balch et al., 2007). The later method fits 

well in the pelagic systems, particularly the calcifying plankton, and covers 

large areas, which would have made it difficult to be applied in benthic 

habitats studied in this thesis (Freeman and Lovenduski, 2015). 
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2.14 Estimation of sediment grain size 

The traditional dry sieving method to get grain size factions of sediment 

(Klamer et al., 1990) was used in Paper VI. The alternative method 

could have been the laser diffraction particle sizing (LDM) technique, 

which is widely used today (Di Stefano et al., 2010; Ryżak and 

Bieganowski, 2011). The advantage of the LDM over the traditional 

sieving method is that it gives better estimates on smaller grain sizes 

(Dahl et al., 2016a; Wen et al., 2002) and may be applied in future 

studies. 
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3.0 Results and Discussion 

3.1 Responses of physiological processes to elevated water 

temperatures (Papers I-III) 

In this thesis, a combination of mesocosm (Paper I) and laboratory 

experiments (Papers II and III) was applied to determine the responses 

of basic physiological processes in seagrasses, including 

photosynthesis, respiration and photorespiration, to elevated water 

temperatures occurring frequently (and likely to occur in a future global 

warming scenario) during temperate summer months and during 

tropical day low tides in seagrass meadows. In summary, the results 

revealed that: 

Elevated water temperatures cause increased rates of photosynthesis 

(estimated as ETR) in both temperate and tropical seagrasses (Papers I, 

II and III), up to a threshold temperature (Table 1) above which rates 

decline rapidly (Figures 15 and 16a). This decline in performance 

indicates a damage within PSII (Allakhverdiev et al., 2008; Mathur et 

al., 2011; Weis and Berry, 1988), as was demonstrated by the reductions 

of Fv/Fm (Papers I and III) and Fv/Fo (Paper II). A decrease in Fv/Fo 

caused by an increase in Fo is a major indicator of breakdown in the D1 

protein (Carr and Björk, 2007; Giardi et al., 1997), which is known to 

play a key role in photochemistry and electron transport of PSII (Jensen, 

2000; Nishiyama et al., 2011). The negative effects of temperatures 

above the threshold levels increased with repeated days of exposure and 

resulted in a consistent reduction of photosynthetic rates during the 

course of the experiment (Figure 15). This could partly be due to 

chronic damage on the PSII (Allakhverdiev et al., 2008; Campbell et 

al., 2006), and was indicated also by a continuous reduction in night-

time Fv/Fm during the course of the experiment (Paper I), showing a 

failure of PSII to recover even after several hours of darkness and a 

return to ambient water temperatures. A further reason for the limited 

recovery of PSII during the course of the experiment could be 

temperature-induced structural changes in the D1 and D2 proteins in 

the thylakoid membrane of the chloroplasts, which could disrupt their 

turnover (Ducruet and Lemoine, 1985; Giardi et al., 1997). These 

results are in agreement with previously reported effects of elevated 

temperature stress on photosynthetic performance of both temperate-

(Gao et al., 2018; Höffle et al., 2011; Marsh Jr et al., 1986; Massa et al., 
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2009; Staehr and Borum, 2011; Winters et al., 2011; Zhang et al., 2017; 

Zimmerman et al., 1989) and tropical (Campbell et al., 2006; Collier 

and Waycott, 2014; Collier et al., 2017; Collier et al., 2011) seagrasses. 

Similar to photosynthesis, the rates of mitochondrial respiration in 

leaves increased with elevated temperatures until a collapse, which 

occurred at 40ºC in the temperate seagrass Z. marina and 45ºC in the 

tropical seagrass T. hemprichii (Figure 16b). This was possibly due to 

the effects of high temperature on the structure and function of the 

involved enzymes (Allakhverdiev et al., 2008; Sharkey and Schrader, 

2006). Pedersen et al. (2016) reported substantial increases in 

respiration rates in leaves of tropical seagrasses (64 % and 43 % in T. 

hemprichii and E. acoroides, respectively) after one day of exposure to 

35°C, indicating that seagrasses could experience skewed carbon 

balance with a much higher respiratory C loss than photosynthetic C 

gain at higher temperatures. Inadequate carbohydrate supply during 

temperature stress could trigger metabolism of soluble sugars, amino 

acids and organic acids stored in below-ground tissues (Gao et al., 2018; 

Staehr and Borum, 2011) and thereby result in large biomass loss of 

seagrass. The results in Paper II show that energy demand in plant 

tissues increases at high temperature, changing the balance between 

photosynthesis and respiration, and therefore, negatively affects the 

overall net productivity of seagrasses. 

 

Not surprisingly, threshold temperatures for both photosynthesis and 

respiration were higher in the tropical than in the temperate seagrass 

(Table 1; Figure 16a). Consequently, the tropical species has a higher 

demand for both oxygen and light, probably making them more 

vulnerable to anthropogenic impacts, such as eutrophication and 

sedimentation, as these disturbances will cause reductions in oxygen 

and light availability in the water column (Brodersen et al., 2017; Olsen 

et al., 2018; Pedersen et al., 2016; Zhang et al., 2010). In this thesis, 

effects of hypoxic conditions on the photosynthetic performance 

(Figure 16a) and mitochondrial respiration (in darkness) (Figure 16b) 

were seen in both species, mainly at higher temperatures, as shown by 

the declines in oxygen evolution- and consumption rates, respectively 

(Paper II). This indicates that an additional stressor can enhance the 

negative effects of temperature stress on productivity of seagrasses, as 

the efficiency of their PSII at the onset of light depends upon the pre-

conditions that a plant is exposed to. Anoxic conditions at nigh-time 

have been suggested to prevent recovery of the seagrass Posidonia 

sinuosa at Cockburn Sound and Garden Island in the Western Australia, 
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from large-scale losses that took place between 1967 and 1999, despite 

management efforts that improved water quality (Olsen et al., 2018). 

The mechanisms behind these effects need further research, e.g. how 

stress conditions occurring during night affect productivity of 

seagrasses. 

 

Photorespiration, estimated as an O2-sensitive increase in oxygen 

evolution, or decrease in ETR, at higher temperatures, was more 

enhanced in Z. marina than in T. hemprichii (Paper II). However, no 

proportional increases of photorespiration to photosynthesis were 

observed with elevated temperatures in any of the two species (Figure 

16a). High temperatures can often enhance Rubisco oxygenation in 

plants, and hence photorespiration (Leegood and Edwards, 1996). This 

can be a result of two different factors; first, the solubility of CO2 in 

water decreases more rapidly than O2 as the temperature is increased 

(Ku and Edwards, 1977; Leegood and Edwards, 1996), and secondly, 

the affinity of Rubisco for CO2 declines with increasing temperature, 

which is due to more free energy available when it reacts with O2 than 

in the reaction with CO2 at higher temperatures (Sage and Kubien, 

2007). The results of this thesis, showing that higher temperatures do 

not induce higher photorespiration in Z. marina and T. hemprichii, 

could partly be due to efficient carbon concentrating mechanism (CCM) 

in these seagrasses (Beer et al., 2002; Beer et al., 2014), permitting 

efficient carboxylation even under conditions where CO2 is limited in 

the water column. It appears that: (1) T. hemprichii has a more effective 

CCM than Z. marina, and (2) shifts between CO2/O2 solubility and 

Rubisco kinetics driven by higher temperature under ambient air versus 

low O2 will have little effects on the productivity loss caused by 

photorespiration in these seagrass species. 

 

The responses to temperature stress were shown to clearly differ 

between the various components of the seagrass plant (i.e. leaves, 

shoots, rhizomes and roots) and within different parts of each 

component (i.e. apex, mid and basal for leaves and younger, mid-aged 

and older for rhizomes) (Paper III). These differences were also 

reflected on the age (i.e. terminal versus young) of the plant shoot 

(Figure 17C), which has been shown to determine the energy 

investment for their tissue development (Anderson and Boardman, 

1964). Effects on metabolic rates induced by elevated water 

temperatures on seagrass plants can be predicted by their Q10 values of 

photosynthesis and respiration (Tjoelker et al., 2001). When such Q10 
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was calculated for above-ground parts of Z. marina, the effects of 

temperature were higher and more variable for photosynthetic rates than 

for respiratory rates, disagreeing with previous reported findings on 

both tropical- (Pedersen et al., 2016) and temperate (Gao et al., 2018; 

Zimmerman et al., 1989) seagrasses, showing higher temperature 

effects on respiration. Moreover, both photosynthetic- and respiration 

rates were higher in young than in terminal shoots (Figure 17D), 

indicating that the age of the seagrass plants could be an important 

factor to take into consideration during estimation of their productivity. 

Photosynthetic rates were constantly higher in the apex parts compared 

to the younger basal parts of the leaves (Figure 17E), where the maturity 

and abundance of light harvesting chloroplasts was expected to be 

lower (Anderson and Boardman, 1964). A similar pattern was observed 

on respiration, where the highest rates were expected in the basal parts 

(Figure 17E), which contain actively dividing meristematic tissues and 

where the energy demand would likely be higher (Anderson and 

Boardman, 1964). In the below-ground parts, there were no differences 

in respiration associated to either the age of the shoot or the age of the 

tissue (Figure 17F), and thus, age appears not to be of the same 

importance as for above-ground tissues in this species. 

 

Spikes of very high water temperatures, up to 40-44℃, occur frequently 

during day spring low tides of the northeast monsoon in the tropical 

intertidal areas of the WIO (Table 1). If they would occur repeatedly 

over several days, it will cause clear negative effects on the biomass 

production of seagrasses, as was shown for the four tropical seagrasses 

studied in Paper I, where losses in biomass were high (Figure 15), 

especially in the below-ground tissues, and occurred at temperatures 

where the plant is still maintaining relatively high photosynthetic rates. 

Such large loss of below-ground biomass will have negative impacts on 

productivity of seagrasses, because below-ground biomass serves as 

carbohydrate reservoir that supports growth and maintenance of other 

tissues during periods of negative carbon balance (Alcoverro et al., 

2001; Mateo et al., 2006). It is also evident that a loss of biomass is an 

earlier indicator of stress in seagrasses than reduced photosynthetic 

rates, and could be applied in future studies to assess their responses to 

anthropogenic stressors, which are likely to increase under projected 

climate change (Hoegh-Guldberg et al., 2018; Zhang et al., 2010). 

 

The results of this thesis show that temperature spikes occurring in 

intertidal areas reach at, or beyond, threshold levels of temperature 
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tolerance of tropical WIO intertidal seagrasses (Papers I), suggesting 

that these seagrasses are potentially at high risk to be damaged by future 

global warming. The responses to temperature will, however, be 

species-specific (Paper I) and their future survival will likely depend 

upon possible further acclimatization and adaption to temperature 

stress, of which both processes are suggested to depend on phenotypic 

variation (i.e. physiological variation, variation in propagation success, 

and variation in herbivore resistance). This variation can either enhance 

fitness within seagrass individuals (plasticity) or subject them to 

selection pressure, and eventually, adaptation depending on local 

stressors (Chefaoui et al., 2018). Zhang et al. (2017) reported that 

seagrasses also can employ four adaptive mechanisms to cope with 

short-term temperature stresses: (1) improved efficiency of active PSII 

reaction centres, (2) improved activity of the PSII electron acceptor 

side, (3) improved cyclic electron flow transport within PSI, permitting 

this photosynthetic machinery to absorb excessive electron flow, and 

(4) alternation between PSII and PSI. 

 

Table 1. Threshold temperatures of key processes in tropical-intertidal 

and temperate-subtidal seagrasses, above which a decline will take 

place. 
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Figure 15. Responses of photosynthetic performance (red coloured 
lines) and biomass loss (purple coloured lines) of tropical seagrasses 
exposed to ambient (flat dotted lines) and temperature stress (round 
dotted lines) conditions for seven consecutive days. Plant images from 
www.ian.umces.edu. 

 

Figure 16. Responses of photosynthesis and photorespiration (a) and 

dark respiration (b) processes for both tropical- (straight lines) and 

temperate (flat dotted lines) seagrasses exposed to equilibrated- (red 

colour) and low oxygen (yellow colour) conditions across a 

temperature gradient. The purple coloured lines and round black dotted 

lines show photorespiration and threshold temperatures, respectively. 

Plant images from www.ian.umces.edu. 
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Figure 17: Genet of Zostera marina (C) showing the older terminal 

shoot and the second youngest shoot, which were exposed to 

temperature stress. From each ramet, rates of respiration and apparent 

photosynthesis were measured for leaf 2, leaf 3 and leaf 4. Each leaf 

was divided into three parts: basal (B), mid (M) and apex (A) as shown 

in the red encircled picture. The below-ground respiration was 

calculated in younger (Y), mid-aged (M) and older (O) components of 

the rhizome belonging to each shoot. The apparent photosynthesis and 

respiratory rates for Zostera marina of different maturation stages (D). 

The apparent photosynthetic- and respiratory rates of different leaf 

parts in Zostera marina (E). Respiration of below-ground tissues 

separated into younger (Y), mid-aged (M) and older (O) rhizome 

segments with attached roots belonging to either the terminal or 

younger shoots (F). Plant illustrations (C): Lina Rasmusson 
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3.2 The effects of submerged macrophytes on air-water CO2 

fluxes of tropical shallow waters (Paper IV) 

In Paper IV, a combination of mesocosm experiments and field-based 

observations was applied to evaluate the effect of submerged vegetation 

composition on the fluxes of CO2 over the water surface in tropical 

seagrass meadows. The field measurements revealed a diel pattern with 

some downward flux of CO2 from the air into the water column during 

the afternoon and a constant release of CO2 from the water to the air 

during night (Figure 18). This indicates that the seagrass meadows were 

driving air-water fluxes of CO2, with an upward flux (indicated by 

positive values in Figure 18) occurring when community respiration is 

higher than photosynthetic carbon fixation, causing CO2 to escape the 

water phase, and a downward flux (indicated by negative values in 

Figure 18) occurring when the total photosynthetic CO2 uptake exceeds 

community respiration and causes CO2 to enter the water phase. 

 

The diel pattern in CO2 fluxes from the field measurements was 

confirmed in the mesocosm experiment, showing higher net release of 

CO2 from the water to the air during night (before sunrise) and lower 

during daytime (after sunrise). During daytime, the macrophytes of the 

system changed the total amount of inorganic carbon, pH (and thus 

distribution of DIC species; CO2, HCO3
- and CO3

2-) and DO in the 

overlying waters. However, a downward flux of CO2 was observed only 

during a short period (in the late afternoon) even though oxygen levels 

were high (indicating a high photosynthetic activity), showing that 

these macrophytes to a large part sequester CO2 that is recycled within 

the water column through community respiration. This also suggest that 

a significant amount of carbon fixed by seagrasses is returned to the 

atmosphere during night and morning hours. In shallow coastal areas, 

seagrasses and calcifying macroalgae often co-exist (Beer et al. 2014) 

and their relative composition could affect the CO2 saturation level in 

the overlying waters and thus, affecting the direction of CO2 fluxes at 

the air-water interface. This is what was found also in the mesocosm 

setup, where a higher relative proportion of seagrass caused a stronger 

downward flux of CO2 (Figure 19a). This could partly be due to an 

effective photosynthetic DIC uptake by seagrasses, owing to their 

efficient CCM (Beer et al., 2002; Beer et al., 2014; Larkum et al., 

2006a) and gas space in leaf aerenchyma (Figure 5; Brodersen et al. 

[2018]), both of which enhance the uptake and re-fixation of CO2 

(Buapet et al., 2013a; b). The patterns in these fluxes correlated with 
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changes of both DO (Figure 19b) and pH (Figure 19c) in the water 

column, indicating a link between air-water CO2 fluxes and the 

productivity of macrophytes, with following changes in water 

chemistry (Frankignoulle and Gattuso, 1993; Watson et al., 1993). 

However, there was no significant difference in the overall DO content 

among the different treatments with macrophytes, showing that the 

community productivity rates were similar in these treatments, although 

the treatments with calcareous algae caused less downward flux of CO2, 

probably because of their calcification. This is because while the 

calcification process deposits CaCO3, it simultaneously decreases the 

seawater pH, increasing pCO2 and driving an upward CO2 flux 

(Frankignoulle and Gattuso, 1993).  

 

PLS modelling performance, for both mesocosm experimental and in 

situ settings (Paper IV), revealed that pH, temperature and DO, were 

the main factors that significantly affected CO2 fluxes at surface waters. 

Some of these variables are subject to a changing climate and coastal 

eutrophication, and how this will affect fluxes of CO2 in shallow coastal 

ecosystems is largely unknown (Duarte et al., 2010; Morrell, 2018; 

Naviaux et al., 2018; Burkholz et al., 2019). This thesis, therefore, 

recommends more comprehensive long-term measurements of CO2 

fluxes in shallow coastal waters, as it will improve our understanding 

on the CO2 stoichiometry under varying environmental conditions. 
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Figure 18. Diel pattern of air-water CO2 flux in the seagrass-dominated 

area of Chwaka Bay, with some downward flux of CO2 from the air into 

the water column during the afternoon. The figure is an average trend 

over the day, where variation was high. 
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Figure 19. Air-water CO2 fluxes driven by macrophytes in tropical 

shallow waters during daytime (a), which correlated with changes of 

DO (b) and pH (c). The results are from a mesocosm experimental 

setting, where different composition of macrophytes represented by 

percentage cover of seagrass (Seagr, here T. hemprichii), calcifying 

algae (CA, here composed of rhodoliths) and unvegetated sediment) 

were exposed to ambient air temperatures and normal photoperiod 

conditions. The sign of exchange gradient indicates the direction of the 

CO2 flux into the water (+) or out of the water (-). Moreover, (+) 

indicates the conditions of DO and pH in macrophytes overlying 

waters. 

3.3 The effects of temperature stress on methane emission and 

sulphide levels in topical seagrass sediment (Paper V) 

Following the temperature-induced reduction of photosynthetic 

performance and biomass loss in the four tropical seagrasses species 

examined in Paper I, a similar set up (but focusing on one species [T. 

hemprichii]) was applied in Paper V to examine the effect of high 

midday temperature stress on some biogeochemical processes (e.g. 

methanogenesis and sulphate reduction) of seagrass-associated 
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sediments. The results revealed that temperature spikes had pronounced 

effects on rates of some biogeochemical processes in seagrass-

associated sediments. For instance, both methane emission and sulphide 

levels significantly increased with elevated temperature stress in 

seagrass sediment during daytime (Figures 20a and b). These effects 

were likely associated with the decreased supply of photosynthetic 

oxygen to below-ground tissues caused by the decrease in 

photosynthesis, and could have reduced the redox condition in the 

sediments, causing anoxic conditions in the sediment rhizosphere to 

extend upward to surface layers (Figure 21b). Altered sediment 

conditions (i.e. from oxic to anoxic) have been shown to change 

biogeochemical processes therein towards supporting anaerobic 

degradation of organic matter (Borum et al., 2007; Greve et al., 2003; 

Laanbroek, 2009; Lyimo et al., 2018; Pedersen et al., 2004; Pedersen 

and Borum, 1998). Consequently, this resulted in higher methane 

emission and sulphide levels in seagrass-associated sediment (Figures 

20a and b). 

 

The effects of higher temperature on rates of sediment biogeochemical 

processes were immediate (occurring within a few hours of exposure), 

causing nearly 3.5 and 4.5-fold increases in methane emission and 

sulphide levels at exposure to 45℃ treatment, respectively, and these 

changes were already during the first day negatively correlated to 

changes in the photosynthetic rates (Figure 20a) and the correlations 

became stronger with time (Figure 20b). This indicates that there is a 

link between disturbances on seagrass meadows and methane emission 

and sulphide levels in associated sediments, which has been reported 

also in sediments of the same species exposed to shading conditions 

(Lyimo et al., 2018) and the Halophila stiplacea exposed to warming 

conditions (Burkholz et al., 2019). Moreover, the higher temperature is 

likely to have had a direct effect on microbial activity in the sediment, 

partly because of a temperature-driven increase of metabolic processes 

(through the enhanced uptake of resources) as well as a shift in the 

abundance and composition towards microbial communities that are 

more tolerant to higher temperatures (Wallenstein and Hall, 2012). This 

trade-off in activity and traits of the sediment-associated microbial 

community across a temperature gradient, could have accounted for the 

higher methane emission and sulphide levels observed during the first 

exposure seagrass sediment to 40 and 45℃ treatments. The methane 

emission of a system is not only governed by production, but it is 

equally important how much of such gas is oxidized through the 
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transport pathways between sediment, water and air phases (Hou et al., 

2000; Zou et al., 2005). Thus, the methane emission rates reported here 

are net emissions, representing a balance between production and 

consumption of a seagrass system. 

 
The effects of elevated temperatures on rates of biogeochemical 
processes appeared to extend beyond stress hours, as higher levels of 
methane emission and sulphide in the seagrass sediment were observed 
during night-time when the water temperatures had gone down to 
ambient levels for several hours (Figures 20c and d). High levels of 
sulphide during night-time would compromise productivity of 
seagrasses, as have been shown to be toxic to plant roots (Brodersen et 
al., 2018; García et al., 2013; Koch and Erskine, 2001; Koch et al., 
2007). Increases in the frequency of occurrence and severity of high 
temperature spikes projected under future global warming scenario 
could hence cause tropical seagrass meadows to suffer increased 
damage from sulphide toxicity and induce the release of larger amounts 
of methane. This would significantly reduce the pool of organic matter 
stored in the upper surface sediment layers of many tropical WIO 
seagrass meadows (Gullström et al., 2018), which are usually labile and 
highly vulnerable to degradation (Asmala et al., 2018; Conant et al., 
2011; Jamaludin, 2015; Serrano et al., 2015). 

 

Figure 20. Trends of change of net methane emission and sulphide 

levels in tropical seagrass sediment with elevated midday temperature 

stress during day-start (a), day-end (b), night-start (c) and night-end 

(d) of the experiment. 
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Figure 21. Schematic representation of the effects of elevated midday 

temperature stress (compared to ambient conditions [a]) on 

photosynthetic performance of tropical WIO seagrasses, which could 

decrease the supply of oxygen to both overlying waters and the sediment 

rhizosphere (b), and would result into anoxic conditions to extend 

upward to surface layers and thus higher methane emission and 

sulphide levels, indicated by bigger blue and red arrows, respectively. 

Plant images from www.ian.umces.edu. 

3.4 Effects of tidal variability on emissions of methane and 

nitrous oxide and the sulphide levels in the tropical seagrass 

sediment (Paper VI) 

Tidal variability affects water levels as well as physicochemical 

conditions, and can thereby influence oxygenation levels of intertidal 

vegetated sediments and thus affecting biogeochemical processes 

therein (Bahlmann et al., 2015; Laanbroek, 2009; Taillefert et al., 

2007). Paper VI was designed as a field-based study aimed to assess the 

effects of periodic tidal cycle regimes (i.e. two high tides and two low 

tides each day-night cycle) on emissions of methane and nitrous oxide 

as well as sulphide levels in tropical WIO seagrass sediments. The 
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results revealed that seagrass plant cover had pronounced effects on 

important biogeochemical processes in intertidal seagrass sediments, 

where higher emissions of methane and nitrous oxide as well as higher 

sulphide levels were in unvegetated sediments than in seagrass-

vegetated sediments (Figure 22a). The time of day and tide level also 

had clear effects, where higher emissions of methane and nitrous oxide 

as well as higher sulphide levels were during night at high tide than day 

at low tide (Figures 22a and b). These results are in line with the 

findings of Bahlmann et al. (2015), who reported higher emissions of 

trace gases (including hydrocarbons and sulphur bearing species) in 

tropical seagrass meadows during periods of immersion than during 

periods of emersion. The lower levels of methane, nitrous oxide and 

sulphide during daytime, indicate the role of plant activity on 

oxygenation of associated sediment. Seagrass photosynthesis produces 

O2 in the shoots, which through their rhizomes is transported down to 

the roots via the lacunae system (Figure 5; Brodersen et al. [2018]), 

thereby maintaining aeration in the rhizosphere (Borum et al., 2007; 

Brodersen et al., 2018; Olsen et al., 2018; Pedersen et al., 2016). This 

will cause higher redox conditions in the rhizosphere that are likely to 

favour oxidation of methane, nitrous oxide and sulphide. At night, 

however, photosynthesis is inactive, and as a result the supply of O2 to 

underlying sediment is dependent solely on diffusion from the water 

column (Schrameyer et al., 2018b). This could result into inadequate 

oxygenation in sediments and explain the observed increase in sulphide 

levels and gas emissions during night. High sulphide levels in seagrass 

sediments during night-time could lead to sulphide intrusion into the 

roots, and thereby cause increased seagrass mortality owing to sulphide 

toxicity (García et al., 2013; Lyimo et al., 2018; Olsen et al., 2018). 

 

High emissions of methane and nitrous oxide as well as high sulphide 

levels in tropical seagrass sediments have previously been linked to 

disturbances (Lyimo et al., 2018). The correlation analysis (Paper VI) 

revealed that organic matter (OM) content is a key factor determining 

emissions of methane and nitrous oxide from (but not for the sulphide 

levels) seagrass sediments and this relationship was stronger during 

high tide. This supports the findings that OM enrichment in seagrass 

meadows, due to e.g. eutrophication, will result in higher emissions of 

methane and nitrous oxide (Lyimo et al., 2018). The higher correlation 

in seagrass-vegetated than in unvegetated sediments shows the role of 

seagrass cover in lowering emissions of methane and nitrous oxide 

during daytime despite of high OM contained in associated sediments. 
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Together, these results suggest that tropical seagrass meadows are 

likely to emit higher amounts of methane and nitrous oxide as well as 

suffer increased damage from sulphide toxicity when organically 

enriched, but the vegetation cover reduces their levels during daytime 

(Figure 22a). 

 

 

Figure 22. Schematic representation of the effects of tidal variability on 

emissions of methane (blue color arrow) and nitrous oxide (red color 

arrow) as well as sulphide levels (purple color arrow) in organic matter 

(OM) rich tropical WIO seagrass sediments for both day (a) and night 

(b). Plant images from www.ian.umces.edu. 

3.5 Potential impacts of future warming on productivity and 

carbon stocks of tropical seagrass meadows of the WIO 

(insights from Papers I, II and IV-VI) 

Although increased warming is affecting most submerged macrophytes 

in marine ecosystems (Campbell et al., 2006; Collier and Waycott, 

2014; Collier et al., 2011; Duarte et al., 2018; Kelaher et al., 2018; 

Pedersen et al., 2016), the results of this thesis indicate that intertidal 

seagrasses of the tropical WIO region are at special risk of declining 

under future global warming, as they are currently living in an 

environment where ambient water temperatures frequently reach at, or 
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beyond, threshold levels of key physiological processes (Paper I) during 

midday hours of spring low tides during the N.E. monsoon. The 

negative effects of high temperature spikes may be further intensified 

by other anthropogenic stressors, e.g. eutrophication from land-based 

pollution sources (Paper II), which can be additive, synergistic or 

antagonistic (Koch and Erskine, 2001; Masini et al., 1995; Russell et 

al., 2013; Wahl et al., 2018; Wilkinson et al., 2017). Also, increasing 

water temperatures could enhance growth of opportunistic algae with 

potential impacts on survival and growth of seagrasses (Mvungi, 2011; 

Provost et al., 2017). Major losses of intertidal seagrass cover, could 

promote the release and emission of historically deposited carbon back 

to the atmosphere (Papers IV and V). This would possibly change these 

meadows from being carbon sinks to being carbon sources and enhance 

the negative effects of greenhouse gases (Figure 23; but also in 

Burkholz et al., 2019). 

 

The health and resilience of the seagrasses in the WIO region to ocean 

warming will largely depend on the level of exposure to local 

anthropogenic stressors (as described in section 1.4), which, as 

demonstrated in this thesis (Paper II), but also in Zhang et al. (2010) 

and O'Leary et al. (2017), tend to moderate the sensitivity of seagrasses 

to temperature stress. This thesis, therefore, recommends a 

management system that focuses on water quality, as will improve 

resilience of tropical WIO seagrass ecosystems to ocean warming and, 

at the same time, supporting key social-ecological services described in 

section 1.3 of this thesis. 
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Figure 23. A conceptual figure showing a series of impacts of high 

midday temperature stress on productivity of tropical WIO seagrasses, 

which in the end could lead to loss of carbon stored within their 

meadows through the release of carbon dioxide or methane back to the 

atmosphere. The negative effects of stress on carbon stocks can be 

direct (indicated by red arrow) and indirect (indicated by black arrow) 

feedbacks. 
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4.0 Conclusion and remarks 

This thesis employed several methods to understand the impacts of 

future global warming on productivity of seagrasses and carbon stocks 

of associated sediments. Several specific questions were addressed and 

the data produced allowed the following more general conclusions to 

be drawn: 

 

 High midday temperature stress occurring frequently in tropical 

seagrass meadows of the WIO region during spring low tides 

has stronger effects on biomass than photosynthesis, as its 

negative effects on biomass occurred at lower temperatures 

while the plant is maintaining high photosynthetic rates (Paper 

I). 

 The intertidal seagrasses of the tropical WIO region are at 

special risk of declining under future global warming, as they 

are living in an environment with ambient temperatures during 

day spring low tides that frequently reach at, or beyond, 

threshold levels of their key physiological processes (Papers I 

and V). 

 High biomass loss (both above- and below-ground) induced by 

elevated midday temperature stress would lead to lower 

capacity of intertidal seagrasses of the tropical WIO region to 

sequester carbon and reduce their potential to mitigate climate 

change impacts (Papers I and V). 

 Respiration (indicated by oxygen consumption rates) in leaves 

of temperate- and tropical seagrasses increases with temperature 

until a collapse of the mitochondrial respiratory machinery of 

their cells occurs at temperatures approaching 40 and 45ºC, 

respectively (Paper II). 

 The negative effects of temperature stress on seagrasses 

increase in combination with other anthropogenic stressors e.g. 

eutrophication (Paper II). 

 Various components of the plant, with tissues of different age 

and stages of development, respond to temperature increases in 

different ways, with generally lower Q10 values for leaf 

respiration rates than for leaf photosynthesis rates (Paper III). 

 Methane emission and sulphide levels in intertidal seagrass 

sediments of the tropical WIO region increase with elevated 



72 

 

midday temperature stress and the extent is linked to the 

productivity of plants, as their quantities increased with 

decreasing photosynthetic performance (Paper V). 

 Submerged macrophytes drive the exchange of CO2 at the air-

water interface of tropical shallow waters (Paper IV), with 

conditions of downward flux more pronounced in seagrass-

dominated than in calcifying algae dominated areas. 

 Seagrass plant cover, time of day and tide level affects 

emissions of methane and nitrous oxide as well as sulphide 

levels in organic rich tropical seagrass sediments (Paper VI). 

 The emissions of methane and nitrous oxide as well as the levels 

of sulphide are at their highest at high tides during night. 

 Increasing anthropogenic disturbances in seagrass meadows 

will increase emissions of methane and nitrous oxide to the 

atmosphere and thus enhance global warming (Paper VI). 
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5.0 Future research 

The findings of this thesis provide valuable insights on impacts of future 

global warming on productivity of seagrasses and carbon stocks of 

associated sediments. Still, however, many questions remain unclear 

including: 

 

How does elevated midday temperature stress of various shorter 

durations affect metabolites and proteins in tropical WIO seagrasses? 

The answer could be achieved by metabolomics techniques and gas 

chromatography-mass spectroscopy (GC-MS), which are capable of 

detecting changes in the contents of metabolites during temperature 

variations. The detection of changes in proteins during temperature 

variation can be achieved by proteomics techniques. 

 

How does elevated midday temperature stress of various shorter 

durations affect the gene expression of WIO tropical seagrasses? This 

could be achieved by molecular indicators using e.g. antioxidants and 

heat shock proteins (HSPs) as molecular markers, which respond to 

temperature stress. 

 

How does elevated midday temperature stress of various shorter 

durations affect development of other life stages (e.g. flowering, seed 

production, seed ripening, seed germination and seedling) of tropical 

seagrasses in the WIO region? The answers here could be achieved by 

long-term laboratory- and mesocosm experiments, which permits the 

assessment of life stages of seagrasses grown under different 

environmental conditions. 

 

How does high sulphide levels affect productivity of tropical seagrasses 

in the WIO region, especially during elevated temperature stress? The 

answer could be found by testing the combined effect of elevated 

temperature and sulphide on performance of WIO seagrasses. 

 

How changing climate and coastal eutrophication will affect fluxes of 

CO2 in shallow coastal ecosystems? The answers could be achieved by 

employing comprehensive long-term measurements of CO2 fluxes in 

shallow coastal waters, as it will provide insights into how the CO2 

stoichiometry is changing under varying environmental conditions. 
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How does abundance and diversity of micro-organisms shifts during 

elevated temperature stress in tropical seagrass sediments? This could 

be achieved by a combination of mesocosm experiments and analysis 

of the mcrA gene using next generation sequencing, which allows 

assessment of the interaction between plant and sediment in changing 

environmental conditions. 

 

The effect of ocean warming must be considered in the light of multiple, 

interactive factors that may accumulate and interact over time to 

produce complex impacts on seagrass ecosystems. 
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6.0 Sammanfattning 

Det kontinuerliga utsläppet av växthusgaser i atmosfären under de 
senaste 50 åren har medfört en ökning av den globala 
genomsnittstemperaturen med mer än 1°C över preindustriella nivåer. 
93 % av denna värmeenergi har absorberats och lagrats i haven och 
orsakat temperaturhöjningar, särskilt i ytvattnet. Dessa kan ge både 
negativa och positiva effekter på hälsan och funktionen hos kusternas 
marina ekosystem, där sjögräs och makroalger är viktiga 
primärproducenter och ekosystemingenjörer. De fysiologiska 
processerna hos dessa växter och de biogeokemiska processerna i 
omgivande sediment påverkas av temperaturen och kan fungera som 
tidiga indikatorer på förändringar i deras ekosystemfunktion. I denna 
avhandling användes en kombination av laboratorie-, mesokosm- och 
fältbaserade experiment för att förstå: 1) effekterna på centrala 
fysiologiska processer av förhöjda temperaturer (som sannolikt 
kommer att inträffa i ett framtida uppvärmningsscenario) i 
sjögrässängar och hur dessa påverkar biogeokemiska processer i 
associerade sediment, 2) utbyte av koldioxid mellan sjögräs, vatten och 
atmosfär, och 3) effekter av tidvatten på biogeokemiska processer i 
sediment i tropiska sjögräsängar. 
 
Resultaten visade att förhöjda vattentemperaturer orsakar högre 
fotosyntes hos sjögräs, upp till en tröskelnivå över vilken hastigheterna 
sjunker snabbt. De negativa effekterna av temperaturer som överskrider 
tröskelvärdena ökade med antalet exponeringsdagar. Den 
mitokondriella respirationen ökade också med förhöjda temperaturer 
tills en kollaps inträffade. Fotorespirationen ökade däremot inte linjärt 
med förhöjda temperaturer. Effekten av temperaturökning i de olika 
delarna av sjögräsplantan (dvs. blad, skott, rhizomer och rötter) var klart 
olika och varierade dessutom inom de olika delarna av varje 
komponent. Toppar med mycket höga vattentemperaturer, upp till 40-
44°C, är vanliga under dagtid vid lågt tidvatten i tropiska 
tidvattensområden i västra Indiska oceanen, och om de uppstår under 
flera dagar kan det leda till en stor förlust av biomassa hos sjögräs. 
Sådana naturligt förhöjda temperaturer gav också förhöjda 
metanutsläpp och sulfidnivåer i sjögräsets sediment. Marina växter i 
grunda kustvatten hade klart uttalade effekter på flödet av koldioxid 
över vattenytan, med ett uppåtgående flöde när partialtrycket av 
koldioxid är högre i vattnet än i luften och ett nedåtgående flöde när 
koldioxid går in i vattenfasen. Vegetationstäcket, tid på dagen och 
tidvattennivån hade stark påverkan på utsläppet av metan och 
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kväveoxid samt även sulfidnivåer i tropiska sediment. Utsläppen av 
metan och kväveoxid korrelerade positivt med sedimentets organiska 
kolhalt och detta samband blev starkare vid högvatten. 
 
Resultaten av denna avhandling visar att sjögräs i tropiska västra 
Indiska Oceanen är speciellt hotade av en framtida uppvärmning, 
eftersom de för närvarande lever i en miljö där omgivande 
vattentemperaturer ofta når upp till, eller över, gränsvärdena för viktiga 
fysiologiska processer. De negativa effekterna av höga 
temperaturtoppar kan intensifieras ytterligare av andra antropogena 
stressfaktorer (t ex övergödning). Tillsammans kan dessa åstadkomma 
en minskad sjögräsförekomst, och då frisätta de stora kollager som 
lagrats i sjögräsängar under en längre tid, detta skulle kunna ändra dessa 
ängar från att vara kolsänkor till att vara källor av atmosfäriskt 
koldioxid, och på så sätt ytterligare förvärra de negativa effekterna av 
växthusgaser. 
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