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“Education is the most powerful weapon which you can use to change the word”

Nelson Mandela
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ABSTRACT

Seagrasses and other shallow-water vegetation are important coastal habitat
because they provide many ecosystem services, including food, shelter and nursery
areas of shellfish and finfish as well as marine endangered species such as dugongs and
sea turtles. However, following a worldwide trend, seagrass meadows in Mozambique
are experiencing a reduction in area due to a combination of natural disturbances and
anthropogenic impacts. The aim of this thesis was to assess two relevant drivers
affecting seagrass ecosystem services, while contributing to developing innovative
management tools for conservation, restoration and sustainable use of this ecosystem
in Maputo Bay, Mozambique. The thesis focuses on the impacts from both global
(ocean acidification, OA) and local (fishing) stressors on marine invertebrates and
dugongs. The thesis also aims to develop innovative methods for shallow-water
monitoring using drones and machine learning as well as developing appropriate
seagrass restoration techniques.

Paper I evaluates the biological response (growth rate and net calcification) of
a marine calcifier (sea urchin), to different levels of variability of pCO,/pH imposed in
the absence or presence of seagrass in the context of OA as a global stressor. The
results showed that larvae growth rates significantly decreased with decreasing average
pH in both absence and presence of seagrass. Moreover, larvae raised in presence of
seagrass, maximized calcification during the day, and lowering their calcification
during the night. These results have implications to better understand the mechanisms
behind the sensitivity of organisms to OA in variable coastal ecosystems.

Paper IT shows the influence of gillnet fishing activities as a local stressor on

dugong feeding grounds. A drone survey revealed overlap between dugong foraging
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areas and fishing grounds, increasing the risk of dugong entanglement when the gillnets
are deployed at Inhaca Island, Mozambique. Thus, management initiatives to control
gillnet fishing activity with involvement of the local community were highlighted to
support future conservation efforts.

A survey on local ecological knowledge was used in paper III to assess
community perceptions at Inhaca Island on both global and local stressors in seagrass
meadows, while evaluating how fishing communities are adapting to face potential
future changes of seagrass habitats and associated services. Results showed that the
fishing community at Inhaca Island depends on fishing activities for their basic
livelihood, and they perceived sedimentation associated with floods as the leading cause
of seagrass changes, followed by destructive fishing practices. A decrease in coastal
protection and loss of habitats (and associated invertebrates and fish) are perceived as
the main threats to their livelihood and wellbeing.

Paper IV presents a field experiment to restore seagrass (Halodule uninervis),
which is used as food by dugongs, with the aim to assess infauna biodiversity and
colonization after planting. Two planting methods were tested, including a plug
method and a single shoot method applied with two seagrass shoot densities. Results
showed that the both methods influenced the transplants growth with consequences
for the infauna abundance and composition.

The results of this thesis are discussed in an integrated approach to understand
both global and local drivers of changes in seagrass meadows in Maputo Bay,
Mozambique, while proposing an effective conservation and management strategies,
which include the use of innovative technologies such as drones, involvement of local
communities and restoration approaches to enhance the role of seagrass as an

important coastal ecosystem.



Keywords: Coastal management | Coastal communities | Conservation | Dugong
dugon | Gillnet fishing | Marine calcifiers | Ocean acidification | Restoration | Small-

scale fisheries | Seagrass ecology |
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SAMMANFATTNING PA SVENSKA

Sjogras och annan undervattensvegetation utgor viktiga kusthabitat och bidrar
till manga ekosystemtjénster, inklusive mat, skydd och barnkammare fér skaldjur och
fiskar samt for hotade marina arter som dugonger och havsskéldpaddor. I likhet med
den globala trenden sa har dven utbredningen av sjogras i Mocambique minskat pa
grund av en kombination av naturliga storningar och ménsklig aktivitet. Syftet med
denna avhandling var att undersoka tva relevanta faktorer som paverkar
ekosystemtjénster fran sjograsangar och samtidigt bidra till att utveckla innovativa
forvaltningsverktyg for bevarande, aterstdllande och en héllbar anvidndning av detta
viktiga ekosystem i Maputo-bukten, Mocambique. Denna avhandling fokuserar pa
effekterna av bade globala (havsférsurning - OA) och lokala (fiske) stressfaktorer pa
marina ryggradslésa djur och dugonger. Avhandlingen syftar ocksa till att utveckla
innovativa metoder foér miljo6vervakning med hjélp av dronare och maskininlarning

samt att utveckla lampliga tekniker for aterstillande av sjogras.

Artikel I utvdrderar den biologiska responsen (tillvixthastighet och netto-
kalcifiering) hos en marin kalcifierare (sjoborre) under olika nivéer av pCO./pH-
variabilitet i franvaro eller narvaro av sjogras for att utvardera effekten av OA som
en global stressfaktor. Resultaten visade att tillvixten hos larver minskade signifikant
med minskande pH bade i franvaro och nérvaro av sjogras. Larver som vaxt upp i
nirvaro av sjogras maximerade kalcifieringen under dagen och minskade den under
natten. Dessa resultat kan ha stor betydelse for att forsta mekanismer bakom

organismers kinslighet for havsférsurning i vara kustnara havsomraden.

Artikel II visar paverkan av fiske med garn som en lokal stressfaktor pa

dugongers fodosoksomraden. En dronarundersokning visar pa overlapp mellan
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dugongers fodoscksomraden och fiskeomraden, vilket okar risken for att dugonger
fastnar i fiskendt néar dessa anvands vid Inhaca Island, Mocambique.
Forvaltningsinitiativ for att kontrollera fiskeaktiviteten med garn foreslas darfor att

ske med lokalbefolkningens medverkan for att stodja framtida bevarandeinsatser.

En undersékning med fokus pa lokal ekologisk kunskap (artikel III) gjordes
for att bedéma samhéllsuppfattningar hos den lokala befolkningen pa Inhaca Island
om bade globala och lokala stressfaktorers paverkan pa sjogrisangar, samtidigt som
den dven utvarderade hur fiskesamhéllen anpassar sig for att mota potentiella framtida
forandringar i sjograsekosystemet och dess tillhérande ekosystemtjanster. Resultaten
visade att fiskesamhaillet pa Inhaca &r beroende av fiskeaktiviteter for sin
grundlaggande forsorjning, och de uppfattade sedimentation kopplad till
oversvamningar som den framsta orsaken till férandringar i sjogrésets utbredning, {oljt
av ett destruktivt fiske. Ett minskat kustskydd och forlust av livsmiljoer (och
associerade ryggradslosa djur och fiskar) uppfattas som de storsta hoten mot deras

forsorjning och véalbefinnande.

Artikel IV presenterar ett faltexperiment for att aterstalla sjogras (Halodule
uninervis), som anvéands som foda av dugonger, i syfte att bedéma biodiversitet och
kolonisering av infauna efter plantering. Tva planteringsmetoder testades, inklusive en
pluggmetod och en enkelskottsmetod med tva olika densiteter av sjogrésskott.
Resultaten visade att metoden paverkade transplantatens tillvixt med konsekvenser

for abundans och sammanséttning av infauna.

Resultaten av denna avhandling diskuteras i form av ett integrerat
tillvagagangssatt for att forsta bade globala och lokala faktorer som paverkar
forandringar i utbredning av sjogriasangar i Maputo-bukten, Mocambique, samtidigt

som effektiva bevarande- och forvaltningsstrategier foreslas, vilket inkluderar
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anviandning av innovativa teknologier sasom dronare, lokalbefolkningens medverkan

och aterstallande metoder for att stiarka sjograsets roll som ett viktigt kustekosystem.
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RESUMO

As ervas marinhas sdo um habitat costeiro importante, pois fornece muitos
servigos ecossistémicos, incluindo alimento, abrigo e areas de bercario para mariscos e
peixes, bem como para espécies marinhas ameagadas, como dugongos e tartarugas
marinhas. No entanto, seguindo uma tendéncia mundial, os tapetes de ervas marinhas
em Mocgambique estao a sofrer uma reducdo em sua area devido a uma combinacao de
distirbios naturais e impactos antropogénicos. O objetivo desta tese foi avaliar dois
fatores relevantes que afetam os servigos ecossistémicos das ervas marinhas,
contribuindo ao mesmo tempo para o desenvolvimento de ferramentas de gestao
inovadoras para a conservacao, restauracao e uso sustentavel deste ecossistema na Baia
de Maputo, Mocambique. Esta tese foca nos impactos de stressores globais (acidificagao
dos oceanos - AO) e locais (pesca) em dois tdxons marinhos chave, como invertebrados
e dugongos. A tese também visa desenvolver métodos inovadores de monitoramento
utilizando drones e aprendizagem de maquina, bem como desenvolver técnicas
adequadas de restauracao de ervas marinhas.

O artigo I avalia a resposta bioldgica (taxa de crescimento e calcificagao
liquida) de um calcificador marinho a diferentes niveis de variabilidade de pCO./pH,
impostas na auséncia ou presenca de ervas marinhas no contexto da AO como um
stressor global. Os resultados mostraram que a taxa de crescimento das larvas diminuiu
significativamente com a diminuicao do pH médio, tanto na auséncia quanto na
presenca de ervas marinhas. Além disso, as larvas cultivadas na presenca de ervas
marinhas maximizaram a calcificacao durante o dia e reduziram a calcificacao durante
a noite. Esses resultados tém implicacoes significativas para a compreensao do
mecanismo por tras da sensibilidade dos organismos a AO em ecossistemas costeiros

variaveis.



O artigo II mostra a influéncia das atividades de pesca com redes de emalhar
como um stressor local nas areas de alimentacdo dos dugongos. Uma pesquisa com
drones revelou uma sobreposicao entre as areas de forrageamento dos dugongos e os
locais de pesca, aumentando o risco de emalhamento dos dugongos quando as redes de
pesca, particularmente redes de emalhe sao usadas na Ilha de Inhaca, Mocambique.
Assim, foram indicadas iniciativas de gestao para controlar a atividade de pesca com
redes de emalhar, com a participagao da comunidade local, para apoiar futuros esforcos
de conservacao.

Uma pesquisa sobre o conhecimento ecolégico local foi realizada no artigo III
para avaliar as percepgoes da comunidade, na Ilha de Inhaca, sobre stressores globais
e locais nos tapetes de ervas marinhas, ao mesmo tempo que se avalia como as
comunidades pesqueiras se adaptam para enfrentar potenciais mudancgas futuras no
ecossistema de ervas marinhas e nos servigos associados. Os resultados mostraram que
a comunidade pesqueira na Ilha da Inhaca depende das atividades de pesca para sua
subsisténcia béasica, e se apercebeu da sedimentagao associada a inundagoes como a
principal causa das mudancgas nas ervas marinhas, seguida por praticas de pesca
destrutivas. A diminuicdo da protegdo costeira e a perda de habitats (de
invertebrados e peixes) sdo percebidas como as principais ameagas a sua subsisténcia
e bem-estar.

O artigo IV apresenta uma experiéncia de campo para restaurar ervas
marinhas (Halodule uninervis), que sao utilizadas como alimento por dugongos, e para
avaliar a colonizacao da biodiversidade de macrofauna, apds o plantio. Dois métodos
de plantio foram testados: método de plug (rolha) e método de single shot (dedo) com
duas densidades. Os resultados mostraram que ambos métodos influenciaram
positivamente o crescimento dos transplantes, com consequéncias positivas para a

abundancia e composi¢ao da macrofauna.
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Os resultados desta tese sao discutidos em uma abordagem integrada para
entender os fatores globais e locais que causam mudancas nos tapetes de ervas
marinhas na Bala de Maputo, Mocambique, propondo ao mesmo tempo estratégias
eficazes de conservagao e gestao que incluem o uso de tecnologias inovadoras como
drones, a participacao das comunidades locais e métodos de restauracao para fortalecer

o papel das ervas marinhas como um importante ecossistema costeiro.
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BACKGROUND

Drivers of change

In nature, drivers are described as any natural and/or anthropogenic factors
that directly and indirectly produce changes in an ecosystems and the services they
provide (MEA 2005). Global drivers (e.g. ocean acidification and warming) are chronic,
occurring gradually over extended periods of time, while local drivers (e.g.
eutrophication, overfishing), can also be chronic but tend to change quickly over
shorter, and more defined spatial and temporal scales (Ghedini et al. 2013; Arnberg et
al. 2018). In a world facing global changes, marine ecosystems are increasingly
threatened by global and local human impacts, in part as consequences of increasing
human populations growth, and demanding for ocean space and resources (Halpern et
al. 2015; He and Silliman 2019).

Ocean warming, ocean acidification, anoxia, sea level rise and extreme weather
events are global-changes linked to increase in CO; concentration in the atmosphere,
that have profound impact of marine biodiversity and ecosystem services (Gattuso et
al. 2015; Smale et al. 2019; IPCC 2023). Furthermore, local drivers such as coastal
development, fishing, nutrient inputs have also led to degradation or collapse of coastal
ecosystems (He and Silliman 2019). For example, decreased water clarity due to
eutrophication and warmer temperatures were pointed as the main drivers for eelgrass
(Zostera marina) decline in Chesapeake Bay, USA, leading to profound ecological and
economic consequences (Lefcheck et al. 2017).

Understanding how global and local drivers, alone or in combination, are affecting
coastal ecosystems is crucial to safeguard essential ecosystem services, while supporting

conservation and management strategies.



Seagrass meadows: benefits and threats

Seagrasses are a unique group of flowering plants that have adapted to survive
submersed in the sea (Orth et al. 2006). They are distributed worldwide, occurring in
coastal areas except in the Antarctic continent (Orth et al. 2006; Hemminga and
Duarte 2000) . They can cover extensive areas often referred to as seagrass beds or
seagrass meadows (Spalding et al. 2003). Seagrass consists of about 60 species
belonging to 13 genera, and 5 families (Short and Coles 2001; Spalding et al. 2003).
They occur mostly in areas dominated by soft substrates such as sandy or muddy
sediments, which are easily penetrated by seagrass roots, but some species such as
Phyllospadix spp., Posidonia oceanica and Thalassodendron spp. can also be found on
rocky substrates (Hemminga and Duarte 2000). Seagrass meadows are generally
monospecific, particularly those in temperate zone. For example, the eelgrass Zostera
marina is the dominant seagrass species in the northern hemisphere, while Posidonia
oceanica is dominant in the Mediterranean Sea. In contrast, in tropical and sub-
tropical meadows, particularly in the Indo-Pacific region may comprise up to a dozen
species, encompassing the most diverse seagrass flora (Duarte et al. 2008).

Seagrass beds are an important coastal ecosystem providing numerous
ecosystem functions, including food, shelter and nursery areas for shellfish and finfish
(de la Torre-Castro et al. 2014; Nordlund et al. 2016), as well as endangered marine
species (such as dugongs, manatees and sea turtles) (Hughes et al. 2009). The ecological
services provided by seagrass also include organic carbon production and export,
nutrient cycling (Hemminga and Duarte 2000; Duarte et al. 2013b), sediment
stabilization (Infantes et al. 2022a), improvement in water clarity (de los Santos et al.
2020), coastal protection by waves and storms (Barbier et al. 2008; Infantes et al.

2012) and trophic transfers to adjacent habitats (mangroves, coral reefs and others) in



tropical and temperate regions (Hemminga and Duarte 2000; Orth et al. 2006;
Unsworth and Cullen 2010).

While seagrass provides vital ecosystem functions and services, it is among the
most threatened ecosystem on earth. Seagrass losses have been attributed to a broad
spectrum of natural and anthropogenic causes (Waycott et al. 2009). Natural
disturbances include seagrass losses by geological events (e.g. coastal uplift and
subsidence), meteorological events (e.g. heavy or prolonged rains, storms, hurricanes),
and biological interactions (e.g. grazing, sediment bioturbation and disease) (Short and
Wiyllie-Echeverria 1996; Short and Neckles 1999; Alcoverro and Mariani 2002).
Moreover, the increasing rate of global climate change is identified as a threat to
seagrass ecosystem. Human-induced activities most affecting seagrass are those which
alter water quality such as nutrient and sediment loading from runoff and sewage
disposal, dredging and filling, pollution, coastal development, boating and fishing
practices (Short and Wyllie-Echeverria 1996; Hughes et al. 2009; Waycott et al. 2009).

Due to these losses and the key roles that seagrass ecosystem provides, it is
crucial to identify, monitor and understand the effect of threats/drivers affecting
seagrass at global and local scale to enhance conservation and management efforts of

this important coastal ecosystem (Box 1).



: (as a global driver) and small-scale fisheries (as a local driver) on key marine taxa (marine

+ calcifiers and dugongs), while integrating the local ecological knowledge (LEK) of seagrass-

Box 1. General approach of global and local drivers addressed in present PhD thesis 3

5 ﬂﬁ Global Changes
o . yegs s :
G Ocean acidification ;
Biodiversity

Small-scale fisheries

Tg Threats
9 Identify, monitor
Conservation and management interventions

This PhD aims to assess two drivers affecting seagrass meadows such as ocean acidification and

small-scale fisheries. This was achieved by evaluating effect of increased concentration of CO,

dependent coastal communities. .



Drivers affecting seagrass

A large number of stressors impact seagrass meadows worldwide (e.g. global
warming, ocean acidification, overfishing), affecting important ecological function and
services. In this thesis, two main drivers were chosen: i) the increasing
concentration of CO; that leads to decrease of pH- a global process known as “ocean
acidification (OA)”, which is projected to impact many marine species, particularly
shell-building organisms; and ii) small-scale fisheries, which is a regional /local driver

that has important implications for coastal ecosystems, wildlife and livelihoods.

Ocean acidification: Environmental variability and species response

The increasing ocean uptake of CO, (28% of anthropogenic CO, emissions since
the 1750s) has changed carbonate chemistry cycle, resulting in reduction of pH via
process known as ocean acidification (Gattuso et al. 2015). Projections shown that
the ocean surface pH reduction is predicted to be ~0.3-0.5 units by year 2100, and
~0.8-1.4 units by year 2300 (Caldeira 2005). These will have profound impact on
marine organisms and ecosystem functions, and as a consequence of combination of
OA and other stressors (e.g. increased temperature), is expected that effects of OA
may vary according to geographic region and latitudes (Figuerola et al. 2021). For
example, marine calcifiers are negatively impacted through a reduction in survival,
growth rate and calcification as a consequence of increased sea water temperature
(Hughes et al. 2018), and ocean acidification (Cornwall et al. 2013; Figuerola et al.
2021). However, studies suggested that some marine species from short-lived
phytoplankton to long-lived corals can develop mechanisms to cope with adverse

environmental conditions (e.g. rapidly rising CO2, heat waves), possessing

physiological and/or phenotypical adaptations (see Boyd et al. 2016).



Variability of carbonate chemistry in coastal waters is considerably larger than
in open water due to processes such as upwelling, freshwater input, eutrophication and
biogeochemical (Gattuso et al. 2015). To be able to project how future ocean
acidification will affect marine organisms or populations, it is necessary to consider the
natural range of variability experienced in different environments (Vargas et al. 2017,
2022). Highly variable environment (e.g. coastal ecosystems) can put a given organism
at the edge of their physiological tolerance making them highly sensitive to additional
environmental challenges; while, local adaptation to environmental variability can lead
to high level of phenotypic plasticity and the physiological ability to cope with more
environmental changes (Wang et al. 2018; Strader et al. 2022). Organisms living in
highly variable environments often develop a range of adaptations (e.g. change in
development, behavior and allocation of resources) that allow them to maintain
positive fitness (Reed et al. 2010).

The majority of experiments testing the effects of ocean acidification have been
conducted using constant pH conditions and scenarios for the stable open ocean
(Riebesell and Gattuso 2015). Although some recent studies have included the present
natural variability in their experimental design (Dufault et al. 2012; Mangan et al.
2017; Johnson et al. 2019), there is still little information on the modulating role of
the pCO,/pH natural variability on biological responses of species, particularly in
coastal habitats.

Seagrass meadows are recognized as an important climate change mitigation
ecosystem through their high-value ecosystem services such as coastal protection,
erosion control and carbon sequestration (Short and Neckles 1999; Orth et al. 2006;
Duarte et al. 2013b). They are an important CO sink in the biosphere, with the excess
of organic carbon produced buried into sediments (Duarte et al. 2005, 2013b). It is

estimated that seagrass meadows globally can store between 4.2 and 8.4 Pg



(petagrams) of carbon in their biomass and sediment (Fourqurean et al. 2012), largely
due to high net primary productivity (Fourqurean et al. 2012; Duarte 2017).
Seagrasses are also considered as possible refugia habitat for chemical changes
associated with ocean acidification. Since the seawater pH increases during the daytime
photosynthesis, this may periodically relieve marine organisms from the exposure to
OA (Kapsenberg and Cyronak 2019), potentially enhancing their calcification rates
(see Semesi et al. 2009). Further, seagrass productivity appeared to be higher under
OA (Koch et al. 2013; Cox et al. 2015). Some seagrass species increase photosynthesis
and growth under elevated ocean CO; and OA (Koch et al. 2013). This may favor the
grazing rate of organisms due to increased shoot density and higher nutritional
conditions of seagrass (higher nitrogen availability in conditions of increased CO,)(see
Scartazza et al. 2017). However, the idea that seagrass meadows can be a possible
refugia habitat seems to be over simplistic. This ecosystem is characterized by a high
variability in pCO,/pH due to the balance between the photosynthetic activity and
respiration rate over the day/night cycle (Duarte et al. 2013a; Hendriks et al. 2014).
Indeed, the concept that seagrass meadows can be a refugia against ocean acidification
is based on the photosynthetic activity raising the pH during the day, but the increased
variability and low pH during the night is often overlooked (Kapsenberg and Cyronak

2019) (paper I).

Small-scale fisheries: Community reliance and their impact on

biodiversity

Seagrass meadows host a great abundance and diversity of fish and
invertebrates (Gillanders 2006) as well as endangered species (such as dugongs,
manatees and green turtles) (Hughes et al. 2009; Waycott et al. 2009). They are
characterized by their structural complexity with large roots and rhizomes

belowground and dense, highly structured leaf canopies aboveground. Seagrass



meadows form refuge and shelter, and provides food for marine species (Hughes et al.
2009). Seagrass habitat also supports fisheries through provision of nursery habitats,
foraging areas and refuges for exploited species that are using to seagrass meadows at
some stage of their life cycle (Gillanders 2006; Unsworth and Cullen 2010; Nordlund
et al. 2018).

Coastal communities of many tropical and subtropical regions depend on
seagrass fishery productivity for their income and food security (Nordlund and
Gullstrom 2013; Nordlund et al. 2018) (paper III). A wide diversity of fishing gears
such as gillnets, seine nets, collection by hand and spear guns, are used in seagrass
habitats targeting a high diversity of taxa (Nordlund et al. 2018). In the Indo-Pacific
region, invertebrate gleaning (collection of invertebrates or other animals from the
substrate, usually by hand or with limited, simple gear) is commonly observed in the
intertidal zone and support many coastal communities, although exploitation rates
remain unquantified in some countries (Unsworth and Cullen 2010; Nordlund and
Gullstrom 2013; Furkon et al. 2020; Chitara-Nhandimo et al. 2022). Fisheries are a
significant threat to seagrass-associated species, leading to overexploitation or
extinction (Orth et al. 2006; Hughes et al. 2009). For example, direct invertebrate
exploitation on seagrass meadows can alter and reduce invertebrate biomass and
diversity, which in turn can result in negative impacts on seagrass ecosystem, local
economy and livelihood. (Nordlund et al. 2010; Nordlund and Gullstrém 2013; Chitara-
Nhandimo et al. 2022).

The use of gillnets and seine nets directly on seagrass meadows have negative
effects on both seagrass and associated fauna. For example, dugongs are vulnerable
due to their dependence on seagrasses and are restricted to coastal habitats (Marsh et
al. 1999), and entangling in mesh nets and traps set by fishers is considered as the
main cause of mortality in many countries (Marsh et al. 1999, 2002; Ponnampalam et

al. 2022). Direct entanglement of dugongs in gillnets has also been listed as a potential



cause for their decline in Mozambique, including also Inhaca Island (Guissamulo and
Cockeroft 1997, Fernando et al. 2014). Although the number of incidental catches by
fishermen is unofficially reported, these catches could pose a significant threat to the
remaining population. Therefore, an appropriate monitoring approach to identify areas
where fishing activity and seagrass-dependent species overlap, particularly endangered
species, can support management and conservation initiatives for both seagrass and

associated species (paper II).

Seagrass restoration and management approaches: Toward solutions?

Management strategies to mitigate local stressors can be used to increase
resilience of marine ecosystems to global changes (see Scheffer et al. 2015; Green et al.
2017; Ramirez et al. 2018). Reducing local stressors will keep ecosystems within a “safe
operating space (SOS)” in a future climate scenario. For example, improvement of
water quality, reduction of industrial sewage, and fishery regulation are local actions
to reduce seagrass damage (de los Santos et al. 2019), while also enhancing resilience
of this ecosystem to global changes (Unsworth et al. 2018). These strategies should be
integrated with ‘local ecological knowledge’ (LEK) that is seen as a participative
involvement of the community to gathering information of ecological systems they
depend on, in order to expand the understanding of the environment (Berkstrom et
al. 2019; Jones et al. 2022). LEK is an important tool to obtain information about
ecological systems on seagrass in developing countries where data and resources are
lacking (Berkstrom et al. 2019). Understanding social-ecological systems has also
significant implications for social and ecological resilience of the coupled ecosystem,
and is crucial to withstanding local and global threats (Cullen-Unsworth et al. 2014).

This is critically needed in order to identify and develop appropriate management



interventions, as well as coping measures that would contribute to sustainable use of
resources by coastal communities (paper III).

Seagrass restoration is an additional management intervention that can offset
the loss of seagrass ecosystem and associated ecosystem services (Van Katwijk et al.
2016). Restoring seagrass meadows can help to maintain biodiversity, support fisheries,
and mitigate the impacts of climate change (e.g. through coastal protection). However,
developing appropriate restoration techniques targeted to specific seagrass species is
required to support long-term restoration programs. While a great effort has been
placed in developing restoration methods for seagrass species, such as the temperate
Zostera marina (e.g. Eriander et al. 2016) and the Mediterranean Posidonia oceanica
(e.g. Alagna et al. 2019) restoration methods for tropical seagrass species and in
particular in the Western Indian Ocean region requires more attention. Restoration
methods for the tropical seagrass Halodule uninervis were explored in paper I'V. This
species is of key importance since it is an ecosystem building pioneer species and an

important source of food for dugongs.
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AIMS

The overall objective of the thesis is to understanding how a global driver such
as the increased CO, concentration (ocean acidification), and a local driver such as
small-scale fisheries, affect seagrass ecosystem while evaluating methods for
appropriate conservation and management initiatives at Mozambique. This was
achieved by studying key taxa (seagrass, sea urchins and dugongs) in both field and

laboratory experiments (Box 2).

Specifically, the aims of each chapter in the thesis was:

e To evaluate the biological response (growth rate and net calcification) of a
marine calcifier, to different level of variability of pCO./pH imposed in the
absence or presence of seagrass and under the context of ocean acidification
(paper I).

e To use an innovative cost-effective technique (drones) to identify dugong
feeding hotspots based on their feeding trails while addressing the potential risk
of small-scale gillnet fishing activities on their seagrass foraging habitats (paper
IT).

e To assess local community perceptions of fisheries and climate drivers affecting
seagrass and dugongs, while evaluating the community's adaptation strategies
(paper III).

e To develop restoration methods and assess potential changes in biodiversity
after restoration to support conservation and management interventions

(paper IV).
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METHODS

To fulfill the aims, this PhD thesis comprises a variety of methodologies, which

are described in the specific papers.

Study sites

Laboratory experiment was conducted at Kristineberg Centre for Marine
Research and Innovation, Sweden to evaluate the biological responses of marine
calcifiers to natural variability (photosynthesis and respiration) imposed by seagrass
under ocean acidification scenarios (paper I). Sea urchin specimens were collected in
the vicinity of Grundsund, along the Swedish west coast, and seagrass shoots in the
bay of Bokevik in the Gullmars fjord.

Fieldwork was carried out at Inhaca Island, southern Mozambique and
included an assessment of the impact of gillnet fishing (local driver) on dugong feeding
grounds through aerial survey (drones) (paper II), interviews with members of local
fisheries communities to gathering perceptions on fisheries and climate drivers affecting
seagrass and dugongs (paper III) and field experiment to test restoration methods
and fauna colonization capacity (paper IV) to support appropriate management

interventions (Fig. 1).
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Figure 1. Map over the study sites, showing the laboratory set up at Kristineberg
Marine Station, Sweden (paper I) and Inhaca Island located at Southern Mozambique

(paper II, III and IV).

Inhaca Island, Maputo bay- Southern Mozambique

The studies in paper II, III and IV were conducted at Inhaca Island located
the outer edge zone of Maputo Bay, Southern Mozambique (latitude: 25°58' - 26°05'S
and longitude 32°55' - 33°00'E). At Inhaca, nine seagrass species are present: Thalassia
hemprichii, Halophila ovalis, Zostera capensis, Cymodocea rotundata, Cymodocea
serrulata, Thalassodendron  ciliatum, Thalassodendron leptocule, Syringodium
isoetifolium and Halodule uninervis (Bandeira et al. 2014), covering approx. 3943 ha.
The tides are semidiurnal and the tidal amplitude ranges between 0.1 m and 3.9 m (de
Boer and Longamane 1996). The water temperature varies within the extremes of 20—

39°C, and salinity fluctuates within the range of 30-39 (mean 35) (Bandeira 2002).
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Impact of ocean acidification and gillnet fishing

The biological response (growth and net calcification rates) of a marine calcifier
to different levels of variability of pCO2/pH imposed in the absence or presence of
seagrass and under 4 pHs (nominal pHs = 7.4, 7.6, 7.9 and 8.2) were evaluated in the
context of present natural variability and ocean acidification (paper I). The
experiment was performed using the larvae of the sea urchin Echinus esculentus
between August and September 2019, using a fully crossed design (4 nominal pHs x
seagrass absence/presence = 8 treatments). Each treatment was replicated 3 times for
a total of 24 experimental tanks. Body length (BL, in um) and total length of all the

skeletal rods (in pm) were measured using the software Image J. Relative mortality
rate (RMR in day‘l) was calculated as coefficient of significant linear relation between

relative density and time. The larvae growth rate (um In day‘l) was calculated using

the coefficient of the significant logarithmic regressions between BL and time (Stumpp

et al. 2011). Net calcification rate (um h‘l) was estimated as the difference in total
skeletal rod lengths between 2 consecutive sampling times (12 h) divided by 12. The
statistical analyses were conducted using R. ANCOVA were used to test the effect of
pH on growth rate and net calcification rate.

Gillnet fishing is a common small-scale fishing gear at Inhaca Island, where
fishermen utilize permanently fixed fishing structures (stakes) to deploy temporary
nets. To identify hotspots of dugong foraging and evaluate the influence of gillnet
fishing activities on dugong feeding grounds, a drone survey was conducted monthly
between June and December 2020 (paper II). Two locations, Saco West and Saco
East in the south of Inhaca Island, were surveyed each time. All surveys were
conducted during low spring tides over a period of ~2.5 h to cover the entire intertidal
seagrass extent in each location. Aerial drone images were taken in nadir (looking

straight downward), using Pix4Dcapture software, following regular transects in pre-
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programmed flights at an altitude of 80 m, resulting in an image resolution of 2 c¢cm
pixel!. Collected images were imported into Pix4Dmapper desktop software to
generate high-resolution aerial maps with corrected perspective, also known as
orthomosaics (Infantes et al. 2022b). Dugong feeding trails and seagrass coverage were
classified using an ML geo-spatial imagery platform, Picterra (https://picterra.ch). To
develop the classifiers, detectors were trained to identify feeding trails and seagrass
meadows by analyzing images using convolution neural networks (CNN), a deep-
learning algorithm. To evaluate the influence of gillnet fishing, during each drone
survey, the GPS position of gillnet structures was recorded using a Garmin
GPSMap64s in both Saco West and Saco East. The number of stakes found within the
surveyed areas was counted. The nearest distance of the gillnet fishing structures
(stakes) to the dugong feeding areas was calculated per month at both sites using the

‘geopandas’ Python library (Jordahl et al. 2021).

Local Ecological Knowledge (LEK)

Local ecological knowledge is a well-recognized tool to complement scientific
knowledge in order to gather information on ecological systems, resulting in better
management outcomes (Berkstrom et al. 2019). In developing countries, where data
are scarce and resources limited, local communities can provide valuable information
to support appropriate conservation and management of seagrass ecosystem (e.g. de la
Torre-Castro and Ronnbéck 2004; Berkstrom et al. 2019; Jones 2022; Wallner-Hahn
and Dahlgren 2022). To gauge the perspective of local communities, semi-structured
interviews were conducted between February and March 2023 (paper IIT). A total of
85 coastal fishers (randomly selected) participated in the household survey across three
primary fishing communities in the Inhaca Island district, situated within Maputo Bay,

Southern Mozambique: Inguane, Ribjene and Nhaquene. On the island, men
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predominantly engage in fishing and cattle rearing, while women are involved in
subsistence agriculture and the collection of invertebrates from seagrass meadows
around the island (Nordlund and Gullstrém 2013). These communities rely heavily on
fisheries for their livelihood, while simultaneously facing the impacts of various global
and local stressors, such as sedimentation due to coastal flooding, coastal erosion and
overfishing (Bandeira et al. 2021). The study aimed to gathering local community
perceptions on key taxa, particularly seagrass and dugongs, by examining how local
community responded to seagrass and dugong health status at the island, and
regarding potential changes on seagrass ecosystems services and functions attributed
to non-climate and climate drivers over the last decade (2013-2023). This was
performed through interviews in a household survey contained both open-ended and
closed questions. The survey was characterized by a mixture of ages of both genders,
including 64 fishermen (coastal fishers) and 21 women gleaners (invertebrate
collectors). The questionnaire used was adapted from a dugong and seagrasses
UNEP/CMS standardized questionnaire (Pilcher et al. 2017). Additionally, the
interviews captured the perceptions of the local community regarding their coping
mechanisms in the face of climate changes. The questionnaire was translated into
Portuguese and administrated in both Portuguese and the local language
Xixanga/Xirhonga. The HHQ was taken positively among the fishing communities,
and there was no rejection after permission was registered. Quantitative and
qualitative approaches were used to analyse the data. Quantitative data was processed
into descriptive statistics, i.e. percentages and means, used to summarise the
demographic characteristics, status of seagrass and dugongs, as well as perceptions of
drives and community’s coping strategies. Qualitative information from the
questionnaires were exposed to content analysis where the notes taken were translated
into the smallest unit of meaningful information described by the respondents

(Nyangoko et al. 2022) in relation their perceptions.
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Restoration methods: Management approach

A seagrass restoration experiment of Halodule uninervis (dugong food) and
fauna colonization capacity in planted plots were evaluated in order to support
conservation and management interventions (paper IV). Two planting methods were
tested at two locations in Inhaca Island: (1) the plug method where a group of shoots
were transplanted within intact sediment using cores (Fonseca et al. 1998), and (2)
the single shoot method, where single shoots were planted by pushing them
individually into the sediment (Orth et al. 1999). To examine the potential impact of
canopy sheltering and self-sustaining density interactions on plant survival, tests were
conducted using two planting densities. High seagrass densities create conditions that
facilitate further density increase through a positive feedbacks mechanism (Maxwell et
al. 2017) potentially contributing to seagrass survival and growth. We tested two
densities: low (~100 shoot m?) and high (~300 shoots m?). Each plug contained 10-25
shoots, with 4 plugs planted in the low-density treatment and 16 plugs in the high-
density treatment. Fauna samples were collected using a PVC core (11 cm, length
15 cm) in the plots. One sediment sample was collected per plot (n=3 per treatment)
and stored in plastic bags. Five cores were taken at the donor and sandy area, near
the planting plots. In the laboratory, sediment samples were sieved through a 0.5 mm
mesh, after which infauna was collected and preserved in 70 % ethanol and dyed in
Bengal rose. Fauna was identified to species level, whenever possible, and counted
using a stereomicroscope. A three-way analysis of variance (ANOVA) was performed
to test for differences in shoot persistence and survival between the two methods (plug
and single shoots) and the two densities (low and high) in both sites, and a
permutational multivariate analyses of variances (PERMANOVA) was used to assess

colonization capacity in restored sites.
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MAIN RESULTS AND SYNTHESIS

Global and local drivers affecting seagrass ecosystem

Within seagrass ecosystems, responses to the exposure to global and local
changes are expected be taxa specific: seagrass, calcifiers, fish, marine mammals (e.g.
Brown et al. 2014, 2013; Boyd et al. 2016; Marsh et al. 2017; Perry et al. 2019), and
depending on local variability (e.g. Vargas et al. 2022). For example, its well stated
that calcifier such as bivalves and sea urchins are sensitive to low pH during their early
development(Stumpp et al. 2011; Dorey et al. 2013; Ventura et al. 2016). However,
these studies have been performed under stable pH/pCO, scenarios, while the effect of
fluctuating conditions such as experienced in variable ecosystems (i.e. seagrass) are
still poorly resolved. Paper I revealed that sea urchin larvae exposed to both seagrass
and ocean acidification shows differences in calcification mechanisms. Sea urchin larvae
raised under constant environment (without seagrass), calcified at the same rate during
the day and during the night, with a strong negative effect of low pH. In a fluctuating
environment (with seagrass), the calcification rate peaked during the day when the pH
was highest, showing no influence from decreasing pH, while it declined during the
night, sometimes even resulting in dissolution at the lowest pH. These contrasting
mechanisms had consequence for the growth and explained the observed slower growth
rate in the presence of seagrass under near-future ocean acidification conditions. This
suggest that living in variable environments like seagrass demands more energy than
living in more stable ones supporting the hypothesis of Vargas et al. (2017, 2022).
These results have significant implications for the design of experiments involving
organisms in the coastal zones and for understanding their sensitivity to ocean

acidification in variable coastal ecosystems, such as those found in seagrass.



Furthermore, local threats such as overfishing, use of destructive fishing gears,
eutrophication have seen to increase the sensitivity of marine ecosystems to global
change threats, suggesting that local management actions are needed to improve
resilience of these ecosystems (see Halpern et al. 2007; Brown et al. 2014; Ramirez et
al. 2018; Gissi et al. 2021). This is crucial since seagrass have been highly affected by
local threats worldwide (Waycott et al. 2009), putting on risk their associated fauna.
For instance, at Inhaca Island, marine calcifiers are recognized as important seagrass
associated fauna for a local community, while at same time are threatening by
harvesting activities (Chitara-Nhandimo et al. 2022). Moreover, other local threat is
presented in results of paper II where a clear overlap between dugong foraging areas
and fishing grounds were observed, suggesting an increasing risk of dugong
entanglement when gillnets are deployed. Dugongs recently re-classified by the IUCN
as Critically Endangered in FEastern Africa (Trotzuk et al. 2022), are seagrass
dependent, which are their main food source. However, if we look into food availability
perspective, we might expected that future ocean acidification might be beneficial for
dugongs, since evidence suggest that seagrass may benefit from a high CO2 conditions
(Zimmerman 2021), even though this relationship might not be straightforward and
should take into account interaction of increased CO, with other factors such as
temperature (Marsh et al. 2017). Nonetheless, looking at local scale, addressing the
potential risk of dugong mortality from entanglement need to be prioritized, as fishing
constitutes one of their major threat (Marsh et al. 2002). Therefore, establishing
effective management initiatives to control fishing activity in the area is crucial for
sustaining the small dugong population without disrupting their feeding habitat, while
also protect resources such as marine calcifiers important for subsistence and livelihood
of the local communities. These results also reinforce the importance of identify and
understanding global and local drivers affecting seagrass ecosystem looking into local

context, while also highlight the importance of minimize local threats, that would help
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to compensate the possible effects of future global scenarios (such as ocean

acidification).

Integrating local context

More than 60% of the human population in Mozambique live along coastal areas
and rely on coastal natural resources for their livelihoods (Vicente and Bandeira 2014).
Seagrass meadows are one of the most important habitats and a relatively easily
accessible coastal ecosystem. Coastal invertebrate fisheries (achieved mainly by women
and children) use seagrass habitats as important fishing ground for their basic
livelihood. For example, a recent survey showed that about 7.7 and 7.6 tons of
invertebrates (mostly molluscs) were collected in seagrass meadows in the peak catch
weeks (spring low tides) in Maputo Bay and Inhambane Bay, southern Mozambique,
respectively (Chitard-Nhandimo et al. 2022). These harvesting activities performed in
seagrass meadows are made with low technology, self-employed people targeting a wide
variety of invertebrate species. Moreover, seagrass meadows at Inhaca Island sustain a
diversity of fish and are important for fishery productivity (Gullstrém and Dahlberg
2004). Results of paper III reinforce that seagrass is important for the local
community at Inhaca Island and that the locals are generally aware of seagrass threats
and impacts for their wellbeing. The fishery communities at the Island perceived
decreased coastal protection and loss of habitats (for invertebrates and fish) as the
most affected seagrass ecosystem services due to climate change and variability in the
last 10 years (2013-2023) (paper III). The use of destructive fishing gears was also
noticeable a threat to seagrass, primarily beach seine and gillnets, which might also
pose a risk to dugongs’ foraging activity (papers II-IIT). Previous studies in the
western Indian Ocean region have also reported impacts of climate and non-climate

stressors on seagrass ecosystem services (SES). Decrease of coastal protection due to
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coastal flooding (e.g. Amone-Mabuto et al. 2023), decline of fish and invertebrate
catches due to the use of destructive fishing gears and/or overfishing (e.g. Nordlund
and Gullstrom 2013; Chitara-Nhandimo et al. 2022; Jones et al. 2022; Wallner-Hahn
and Dahlgren 2022; Rakotonjanahary et al. 2024), and habitat degradation due to sea
urchin overgrazing (e.g. Wallner-Hahn and Dahlgren 2022; Rakotonjanahary et al.
2024) are examples of where SES have been affected with consequences on food security
and wellbeing of coastal people.

Ocean acidification was an unknown risk, and therefore not recognized by the
fishery communities at Inhaca Island, in part due to their lack of knowledge, but results
of paper I suggests that growth and calcification of marine calcifiers (sea urchins)
inhabiting seagrass habitat might be compromised under OA conditions. These threats
on seagrass ecosystems at the Island are even more alarming since local communities
showed limited coping strategies to deal with local and global changes impacts (paper
ITI). Papers III-IV discussed some actions to safeguard seagrass ecosystem functions
and services at the Island (see management implication section below). First,
involvement of the local community through appropriate education and awareness
programs about seagrass conservation, while encouraging alternative livelihoods
initiatives such as eco-tourism at the Island (paper III), is highlighted. Secondly,
developing of seagrass restoration methods is highlighted because this can be seen as a
potential reversal of seagrass decline due to anthropogenic activities, and also a way
to safeguarding key seagrass ecosystem services (e.g dugongs food), as support for

management interventions (paper IV)
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Implications for management and conservation of seagrass

The results of paper II revealed that use of destructive fishing activities pose
risk to seagrass dependent fauna (i.e. dugongs) at Inhaca Island, while the results
of paper III reinforce the dependence of communities on fishing activities, reflected
on limited strategies to cope with the impacts of global change. Inhaca is part of
Maputo National Park, officially declared in 2021 for protection, conservation and
sustainable use of biological diversity. However, only 5% of the marine area inside the
park are fully protected, and most of the seagrass areas are in the category of marine
areas of controlled use where subsistence fishing is allowed, although with some
restrictions (e.g. beach seine and gillnets are not allowed in some sites) (ANAC 2021).

In Mozambique, steps towards developing policies and legislation for the
protection and management of natural resources are notable. Indeed, the policy
framework comprises important instruments for protection of marine and coastal
habitats, such as The Decree 89/2017 regulating the law on protection, conservation
and sustainable use of biodiversity, Environmental Act 20/97, and the Fisheries Act
22/2013. However, the enforcement of the laws is still deficient and to date there is no
specific seagrass management plan. Therefore, there are challenges to protect coastal
ecosystems, safeguard benefits of local communities, while also withstanding global
change.

The present thesis discusses some management interventions of seagrass
ecosystem, while also being aligned with global agendas such as the ongoing sustainable
development goals (SDG), particularly SDG 14, Life below water, designed to conserve
and sustainably use marine resources for sustainable development. Specifically, results

of papers II-IV highlight three management initiatives:
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1. Drone and Al-driven seagrass monitoring for conservation in

Mozambique and the WIO region

The adoption of innovative technologies such as drones to
support monitoring and mapping of seagrass, associated fauna and threats (fishing
activities) would be highly beneficial. Drones are an emerging cost-effective
technology which provide accurate and large data sets in a short period compared
to traditional survey methods, and thus can be applied in a range of marine science
surveys (e.g. Duffy et al. 2018; Torres et al. 2018; Infantes et al. 2020; Yamato et
al. 2021). Moreover, the combined use of drones with machine learning methods has
expanded in different scientific areas and is gaining interest in long-term monitoring
programs. Here, drones and machine learning proved to be an effective tool for
identifying dugong feeding hotspots and mapping seagrass at meadow scale (paper
IT), which can contribute to conservation strategy of the species. Effective mapping
and monitoring of seagrass are still challenging in many places (Nordlund et al.
2024; Unsworth et al. 2019), and even more critical in developing countries due to
lack of resources. Therefore, the results of the thesis are crucial to support

management of seagrass meadows in Mozambique, and in the Western Indian Ocean

(WIO) region.

2. Integrating Local Ecological Knowledge for sustainable marine

resource management in Mozambique

The integration of local ecology knowledge (LEK) to support natural
resource management will be highly beneficial. Results of paper II highlight the
establishment of effective management initiatives to control gillnet fishing activity

in the area for sustaining the small dugong population without disrupting their
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feeding habitat. Although not directly assessed in the present thesis, sustainable
harvesting activities should also be prioritized to safeguarding the invertebrate
communities of seagrass meadows, important for the local fishery community
(paper IIT). Effective management interventions can be achieved by integration of
local community knowledge, and have also been reported in other western Indian
Ocean studies (e.g. de la Torre-Castro et al. 2014; Berkstrom et al. 2019; Chitara-
Nhandimo et al. 2022; Jones et al. 2022). Developing appropriate education and
awareness programs targeting seagrass conservation, and promoting Locally
Managed Marine Areas (LMMAs) (Chitara-Nhandimo et al. 2022), to support
sustainable resources uses, for example, through establishing community-managed
no-take zones might be one of the initiatives. Alternative livelihood initiatives such
as eco-tourism at the Island should also be effectively promoted. Most of the tourism
activity at the Island are associated to South African cruise ships, which are run in
a specific periods, and with involvement of a small local group of operators, which
means that the local community is not engaged in tourism. Fishing is thus still the

mainly reported option for their livelihood (paper III).

3. Restoration strategies for seagrass ecosystems: FEnhancing

biodiversity and climate resilience in Mozambique

Effective restoration approaches for seagrass ecosystems are also crucial to
support management interventions (paper IV). Ecosystem restoration is supported
by the UN Decade 2021-2030 that aims to prevent, halt and reverse the degradation
of ecosystems. Developing restoration methods aimed for large-scale planting are
key to conserve seagrass ecosystems in Mozambique. Restoring seagrass meadows
can contribute to maintaining (or recovering) biodiversity, supporting fisheries, and

mitigating the impacts of climate change (e.g. through coastal protection) (Box 3).
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The first restoration experiments of seagrass took place in Europe in 1939. However, since the 1960s,
restoration experiments have increasingly grown worldwide using different seagrass species (Fonseca 1998;
Paling et al. 2009). Seagrass restoration is an important tool to offset the loss of habitat ecosystem
biodiversity and ecosystem services (van Katwijk et al. 2016). In the Indo Pacific region, where seagrass
meadows are important fishery areas, and seagrass losses might have negative consequences for food security
(Unsworth and Cullen 2010), thus, restoration programs may contribute to seagrass recover while
safeguarding important ecosystem services (e.g. recovering of biodiversity, coastal protection).

Developing appropriate restoration methods is essential for sustaining successful long-term
restoration programs (Van Katwijk et al. 2016; Tan et al. 2023; Nordlund et al. 2024). Use of plug method,
i.e. when plants are transplanted rooted in their original sediment; single shoots, i.e. when individual leaf
washed free of sediments are transplanted with/or without anchoring method, and seagrass seeds or seedlings
(Phillips 1990), have been widely attempted with varying degrees of success at temperate, sub-tropical (e.g.
Orth et al. 2010, 2012; Eriander et al. 2016; Infantes et al. 2016; Tan et al. 2023), and tropical regions (e.g.
Uku et al. 2022; Wegoro et al. 2022). Results of paper IV demonstrates the feasibility of restoring the
pioneer narrow leaf Halodule uninervis at Inhaca Island using both plug and single shoot methods, with high-
density planting as the most efficient results (Fig. 2). Results also indicate a rapid fauna colonization on the
planted sites. These findings are particularly significant because restoration efforts focused on H. uninervis
could benefit dugong populations by recovering their feeding grounds if they are lost. However, while
restoration approaches prove valuable in managing coastal areas, conserving existing seagrass should remain

the primary focus.
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Figure 2. Left panel: Initial planting configurations in the seagrass restoration experiment using sediment plugs
(a, b) and single shoots (c, d), at low and high seagrass shoot densities. Right panel: A. Average number of
seagrass shoots per m?, and B. Expansion rate/ survival (%) of seagrass shoots after planting using both the plug
and single shoot methods during the experimental period. Two initial planting densities were used (low: 100 shoot
m?, and high: 300 shoot m?) at the two study sites, i.e. Bangua and EBMI.



KEY FINDINGS AND FUTURE PRESPECTIVES

Conclusion

The results of this thesis contribute to the understanding of the impact of both
global and local drivers of changes in seagrass meadows in Mozambique, while
proposing effective conservation and management strategies, to enhance the role of
seagrass as an important coastal ecosystem. The findings show that both ocean
acidification and small-scale fisheries (i.e use of destructive fishing gear) threaten
seagrass and their associated fauna, and thus management interventions are urgently
needed. Since mitigation measures to withstanding global changes impacts, such as
future acidification is challenging, the results highlight the need of local management
actions in order to increase resilience of the seagrass ecosystem. Results also highlight
the importance of integration of local communities’ knowledge and scientific
knowledge, while also showing the importance of appropriate restoration approaches
to safeguarding key ecosystem services, and support seagrass management and

restoration in Mozambique.

e Paper I demonstrated that seagrass may not act as refuge under ocean
acidification for marine calcifiers as extreme low pH during the night may be
more detrimental than the relief of high pH during the day. This study also
reinforces that living in variable environments such as seagrass requires more
energy than living in a more stable one. Larvae exposed to seagrass and ocean
acidification showed slower growth rate as compared to those exposed to ocean
acidification in absence of seagrass, and a clear difference in calcification

mechanisms in sea urchin larvae raised in constant or fluctuating conditions
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(presence of seagrass) were observed. This study focused on physiological
mechanisms used by calcifiers. Future studies are needed to integrate ecological
processes since in the field, hydrodynamic conditions and other environmental
parameters lead to more complex and dynamic variability in the seawater
physico-chemical conditions. Furthermore, understanding the combined effect
of ocean acidification with local stressors (e.g. fishing) in a multi-stressor
perspective would be complex but highly needed to support the management
interventions of seagrass at Mozambique, since marine calcifiers are crucial for

food security.

Paper II showed that use of gillnet fishing might pose a risk to a small dugong
population at Inhaca Island since a clear overlap of dugong foraging areas and
gillnet fishing ground were observed. Therefore, this study highlighted
the establishment of effective management strategies to monitor and control the
use of gillnets, thereby avoiding the accidental bycatch of dugongs. This should
be achieved through active participation of local communities including
compliance with fishing regulations. Moreover, results in paper III showed
that small-scale fisheries are crucial for local communities at Inhaca Island, and
that they have limited livelihood alternatives. Therefore, the development of
seagrass management plan with involvement of local stakeholders (i.e. local
authorities, community members, academia), will be highly beneficial for the

improvement of sustainable use of seagrass ecosystem in the area.

Finally, papers II, IIT and IV highlight the importance of adoption of
effective management interventions. Paper II proved that the use of drones
and machine learning is effective to detect dugong feeding grounds through

indirect surveying of indicators of feeding activity, and thus can be applied as
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important monitoring tool in intertidal seagrass meadows. Paper III showed
the integration of local community knowledge and scientific knowledge to
understand global and local threats is crucial for appropriate management
decisions. Finally, paper IV showed that the use of restoration methods are
crucial to support long-term restoration programs, while also safeguard
important seagrass ecosystem services (i.e enhancing dugong food, and

biodiversity).
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