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Abstract

Seagrass beds are highly productive coastal ecosystems that sustain a rich and diverse
associated fauna and flora. Increasing anthropogenic pressures threaten seagrass ecosystems and have already led to major seagrass losses across the world. Marine Protected Areas (MPAs) have become one of the key strategies to manage coastal ecosystems and associated resources worldwide and have often been shown to successfully protect marine ecosystems. However, relatively few studies have assessed the
effects of MPAs on seagrass ecosystems and there are indications that MPAs may
not be able to fully protect seagrasses, especially from disturbances originating outside their boundaries. Within this context, this thesis aimed to investigate the direct
and indirect effects (those mediated by biotic interactions) of MPAs on tropical
seagrasses, associated fish communities, and ecosystem processes.
The thesis consists of three parts. First, we used 10-years of seagrass monitoring
data within a MPA to evaluate the temporal variability in seagrass cover and species
composition in relation to changes in environmental conditions (Paper I). Second,
we investigated the potential of MPAs to enhance the temporal stability of seagrass
ecosystems using a 10-month field study. We surveyed seagrass-associated fish communities (Paper II) and estimated seagrass growth and herbivory rates (Paper III)
during three different seasons within MPAs and unprotected sites. Finally, to evaluate the effects of MPAs and land-use on seagrass ecosystems, we surveyed seagrass
species and trait composition within government-managed MPAs, community-managed MPAs, and unprotected sites (Paper IV).
The seagrass bed monitored in Paper I showed a high temporal and spatial variability, with a temporal decline in cover and change in species composition, followed
by a period of recovery. This pattern could not be associated with any of the climate
and tidal variables considered, suggesting that potential drivers of decline may have
originated outside MPA boundaries. The results from the seasonal field study
showed that MPAs increased the temporal stability of seagrass-associated fish communities, particularly juvenile fish (Paper II), and strengthened a positive link between herbivorous fish, herbivory rates, and seagrass growth (Paper III), suggesting
the presence of a positive feedback that promotes stability. Finally, MPAs affected
seagrass species and trait composition (by selecting for more stress-sensitive species)
but did not seem to be able to protect seagrasses from land-use effects, with
seagrasses showing similar changes in species and trait composition within and outside MPAs (Paper IV). Considering these results, this thesis builds to a body of
literature indicating that MPAs alone may not be sufficient to protect seagrass ecosystems and that improved management strategies may be necessary to preserve
these important coastal habitats.
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Introduction

Coastal marine ecosystems
Coastal marine ecosystems are of great importance, not only from an ecological
perspective, but also in terms of their social and economic value, by providing,
both directly and indirectly, functions and services beneficial for human populations, the so-called ecosystem services (Barbier et al. 2011). For instance, coastal
marine ecosystems may provide shoreline protection (Spalding et al. 2014), maintain healthy and rich fish populations utilised by fisheries (Pauly and Zeller 2014),
and provide opportunities for recreational activities (Brander et al. 2007). Humans have for long been heavily dependent on ecosystem services for their
health, livelihoods, and survival (Daily 1997) and this dependence is likely to increase giving the present growth rate of human population (MEA 2005). Despite
their importance, coastal ecosystems worldwide are under a constant impact
from human activities and have already suffered from great deterioration in terms
of biodiversity loss, habitat destruction, fishery declines, and poor water quality
(Jackson et al. 2001; Lotze 2006). The effects of local anthropogenic pressures
on coastal marine ecosystems may also be worsened in the context of climate
change (Doney et al. 2012; IPCC 2013), threatening ecosystems’ structure and
function and ultimately their ability to provide goods and services (de Groot et
al. 2012). Thus, there is a pressing need for effective management strategies to
ensure the maintenance of coastal marine ecosystems and their associated services (Martínez et al. 2007).

Management and protection of coastal ecosystems
Strategies to manage coastal ecosystems and associated resources vary considerably and can include different forms of use restriction. For example, fishing activities may be regulated so that they only take place during certain times of the
year (seasonal or temporal closures) (e.g. Nemeth et al. 2006), excluding certain
locations (no-take zones) (e.g. McClanahan 2011), or by controlling which fishing gears are allowed in the area (gear restriction) (e.g. Kaiser et al. 2000). Over
the last decades, no-take zones in the form of Marine Protected Areas (MPAs)
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have become one of the key management strategies worldwide. Even though
many different definitions of MPAs have emerged in the literature over the years,
MPAs can generally be defined as marine areas where certain activities and uses
are prohibited or restricted, although they may greatly vary in structure and conservation goals (Salm et al. 2000).
One of the mechanisms through which MPAs may positively influence ecosystems is by increasing biodiversity (McCann 2000; Worm et al. 2006). Species
diversity is a key factor influencing ecosystem functioning and the resilience and
resistance of ecosystems to changes in environmental conditions (Chapin et al.
2000), leading to increased ecosystem stability (McCann 2000). Increased diversity may enhance ecosystems’ stability through different processes. Diverse communities are more likely to present a high response diversity, i.e. species that
respond differently to a shared disturbance (Hooper et al. 2005; Bernhardt and
Leslie 2013), leading to compensatory changes (negative-covariance effect) and
an average stable community response (averaging effect) (McCann 2000). Moreover, a high species diversity also increases the chances that there is functional
redundancy (different species that fulfill similar functions) between species that
have important stabilizing roles in the ecosystem (insurance effect) (McCann
2000).
No-take MPAs have been shown to successfully protect marine ecosystems,
sustain biodiversity, rebuild fish stocks, reduce impacts on critical habitat-forming species, and strengthen ecosystems’ resilience to climate change (e.g.
McClanahan et al. 2008; Lester et al. 2009; Roberts et al. 2017). However, several
studies have also questioned the effectiveness of MPAs, especially regarding their
potential to protect habitat-forming organisms such as corals and seagrasses. For
example, MPAs have been shown to increase the vulnerability of coral reefs to
bleaching events by changing coral community composition towards dominance
of disturbance-sensitive species (Darling et al. 2010). As a result, MPAs may experience similar or even stronger declines in coral cover due to disturbance than
unprotected reefs (Darling et al. 2010; Toth et al. 2014), with further negative
consequences for the associated fish communities (Jones et al. 2004; Graham et
al. 2007). MPAs may also not be sufficient to protect seagrass ecosystems from
land-use impacts (Quiros et al. 2017) and sea urchin overgrazing events (Eklöf
et al. 2009a). Moreover, MPAs do not seem to increase ecosystems’ potential for
recovery after disturbance (Graham et al. 2015).
The effectiveness of MPAs may depend on an array of factors. MPA size, age,
and enforcement are some key factors controlling MPA effectiveness, with old,
large, and well-enforced MPAs showing improved conservation outcomes (Edgar et al. 2014). MPAs implemented in areas that have been subjected to intense
fishing may need a certain amount of time to show positive outcomes due to lag
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effects in the recovery from the previous damaged state (McClanahan and Graham 2005; Claudet et al. 2008), and thus the effectiveness of MPAs will increase
with their age, while large MPAs may increase the potential for self-recruitment
and allow for mobile fish to remain within the MPA boundaries (Claudet et al.
2008). MPA effects may also be influenced by species interactions, e.g. trophic
cascades, which could both strengthen or reduce MPA effectiveness (Pinnegar
et al. 2000). For example, in the Caribbean, MPAs have been shown to indirectly
enhance coral recruitment through increased macroalgal grazing by fish, which
may increase the ecosystems ability to recover after disturbance (Mumby et al.
2007). On the other hand, protection from fishing in a MPA in Tasmania (Australia) indirectly led to a decrease in the abundance of abalone, one of the fisheries’ target species in the region, due to an increase in lobster abundance (Barrett
et al. 2009). At the same time, MPAs may not be capable of protecting ecosystems from impacts originating outside MPA boundaries (Allison et al. 1998),
such as nutrients input, pollutants, and sediment runoff (Quiros et al. 2017), as
well as climate change impacts (Graham et al. 2008). To gain a better understanding of the circumstances under which MPAs may or may not be effective in protecting coastal ecosystems, it is thus essential to evaluate their effectiveness in a
wide range of ecosystems and geographical areas.

Seasonality of coastal ecosystems in tropical regions
Seasonality is known to be a key factor controlling coastal marine ecosystems in
temperate regions, while in the tropics it has been often found that seasonality
effects are minimal due to the relatively small variation in temperature across
seasons (e.g. Blackburn et al. 1970; Steven and Glombitza 1972). However, many
tropical regions experience strong seasonal changes in other climate variables,
such as wind speed and direction and rainfall, due to the dominant effects of
monsoons, a yearly weather cycle strongly affecting tropical coastal ecosystems.
For instance, monsoon seasonality can strongly influence fish reproduction, recruitment, and distribution patterns (McClanahan 1988; Lugendo et al. 2007;
Abesamis et al. 2015).
Climate change has been predicted to alter monsoonal seasonality, with monsoons expected to display a delayed onset and earlier recession, as well as intensified precipitation (Lee and Wang 2012; IPCC 2014; Mariotti et al. 2014). These
changes are likely to affect coastal ecosystems (Przeslawski et al. 2008; HoeghGuldberg and Bruno 2010). For example, changes in the timing and intensity of
monsoons may affect the reproduction, dispersal, and recruitment of organisms
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such as corals and echinoderms (Przeslawski et al. 2008). Thus, there is a pertinent need to evaluate the effects of monsoon seasonality on coastal tropical ecosystems to improve management strategies in the face of climate change.
Even though MPAs have been shown to increase the stability of coastal ecosystems over long-term trends and in relation to disturbances (Babcock et al.
2010; Fraschetti et al. 2013; Mellin et al. 2016), few studies have assessed their
ability to buffer seasonal effects. MPAs in temperate regions appear to be able
to reduce the effects of seasonality on fish communities (Francour 1994; Seytre
and Francour 2009). However, no such effects have yet been assessed in tropical
regions.

Seagrass beds as model ecosystem
Seagrasses are marine angiosperms that form the basis for one of the most productive coastal ecosystems on Earth (Duarte and Chiscano 1999). Seagrass beds
are coastal habitats that occupy inter- and subtidal environments in both temperate and tropical regions (Green and Short 2003). Even though most seagrass
beds are monospecific (consisting of a single seagrass species), multi-specific
seagrass beds (where several species co-occur) are also common, especially in
tropical regions. Seagrass beds are known to be naturally dynamic, with seagrass
cover and species composition varying both at seasonal and at inter-annual scales
(Duarte et al. 2006).
The high importance of seagrasses lay in their role as ecosystem engineers.
Ecosystem engineers are organisms that strongly modify the physical and geochemical conditions of their environment, controlling the availability of resources and creating or modifying habitats that facilitate the establishment of
other species (Jones et al. 1994). Furthermore, ecosystem engineers can also
modify the incoming and outgoing fluxes, forming and controlling connections
that allow for other adjacent ecosystems to develop (Gillis et al. 2014; Barbier
2017). Owing to their role as ecosystem engineers, seagrasses are important ecosystem services providers (Duarte et al. 2013; Nordlund et al. 2016). For instance,
seagrasses may be used as raw materials, as fertilizers, and for food, crafts, and
in potions and rituals (Hemminga and Duarte 2000; de la Torre-Castro and
Rönnbäck 2004; Lauer and Aswani 2010). Their structurally complex canopy
plays a role in wave attenuation, protecting adjacent shores from erosion (Fonseca and Cahalan 1992; Duarte et al. 2013), and through their extensive rhizome
and root systems, seagrasses stabilize sediments, preventing their re-suspension
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(Björk et al. 2008), and increase sediment oxygenation, allowing for a more efficient recycling of nutrients (Björk et al. 2008). Seagrasses also improve water
quality through nutrient uptake (Romero et al. 2006) and deposition of suspended particles, reducing water turbidity (Koch et al. 2006), and are considered
important carbon sinks (Duarte et al. 2013; Tokoro et al. 2014). Additionally,
seagrass beds support high rates of primary production both directly, through
seagrass production, and indirectly, by providing substratum for epiphytic algae
(Duffy 2006). They also sustain a high secondary productivity by hosting a diverse and abundant faunal community (Hemminga and Duarte 2000). Seagrass
beds harbour a rich fish community (Gillanders 2006) that often presents higher
abundance and diversity than neighbouring un-vegetated areas (Pollard 1984;
Edgar et al. 1994). Seagrasses structural complexity is especially important for
the associated fish assemblages, since it may increase food availability (Bell and
Westoby 1986) and provide shelter from predation (Orth et al. 1984; Heck and
Orth 2006). Due to the high productivity of seagrass ecosystems, combined with
the fact that they are often located in sheltered and shallow coastal areas that are
easily accessible to humans, seagrass beds are considered important fishing
grounds in coastal areas across the world (Cullen-Unsworth et al. 2014; Nordlund et al. 2017).

Threats to seagrass ecosystems
Seagrass beds are under increasing pressure from anthropogenic impacts that has
already led to major seagrass losses worldwide (Waycott et al. 2009). Most of the
current knowledge about seagrass temporal dynamics comes from temperate regions, where seagrasses have for long been included in annual monitoring programmes (e.g. Marbà and Duarte 1997; Ball et al. 2014; Shelton et al. 2016). In
tropical regions, information about seagrass temporal patterns and variability is
mostly available for Australia and the Caribbean (Rasheed and Unsworth 2011;
Short et al. 2016), while developing regions, e.g. East Africa, often lack the resources to maintain long-term monitoring programmes. There is thus a need for
improved seagrass monitoring in such areas to better understand seagrass temporal dynamics and response to environmental change.
Seagrasses are highly susceptible to local disturbances, both through physical
destruction by e.g. fishing gear or boating activities (Walker et al. 1989; Daby
2003) and through cascading effects due to fisheries exploitation (McClanahan
et al. 1994; Eklöf et al. 2008b). At the same time, distant disturbances can also
have detrimental effects on seagrasses. For instance, nutrient and sediment in-
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puts through runoff can pose a major threat to seagrasses through increased turbidity and nutrient loading (Terrados et al. 1998; Quiros et al. 2017). Moreover,
there is an increasing understanding that climate change can have a strong negative impact on seagrasses. Even though seagrasses seem to be relatively resilient
to moderate and gradual changes in environmental conditions, such as warming
(Koch et al. 2013), extreme events such as heat waves, severe storms, and extreme low tides can have extensive detrimental effects (Preen et al. 1995; Björk
et al. 1999; Campbell et al. 2006; Short et al. 2016).
Seagrass degradation and loss may have further consequences for ecosystem
functioning and the provision of ecosystem services. For example, in the tropics,
especially in the Indo-Pacific region, artisanal fisheries often target species that
are highly dependent on seagrasses, such as herbivorous fish that feed on
seagrasses and seagrass epiphytes (de la Torre-Castro et al. 2008; Hicks and
McClanahan 2012).

Protection of seagrass ecosystems
Even though seagrasses are generally incorporated into management and conservation strategies in developed, rich countries (Kenworthy et al. 2006), they
have often been ignored in developing regions (Unsworth and Cullen 2010), and
in many cases may have only been included in management plans due to their
proximity to the targeted ecosystems, e.g. coral reefs. When seagrass beds have
been protected, MPAs appear to benefit seagrass-associated fish communities by
increasing fish biomass, through changes in both fish abundance and size, and
species richness (e.g. Valentine et al. 2008; Unsworth et al. 2010; Chirico et al.
2017). MPAs have been also shown to promote shifts in seagrass species composition towards more structurally complex, but sensitive, ‘climax’ species, potentially due to reduced grazing by sea urchins within MPAs (McClanahan et al.
1994; Alcoverro and Mariani 2004). However, MPAs may not be sufficient to
protect seagrasses from more distant disturbances, with some studies suggesting
that MPAs do not have the ability to protect seagrasses from land-use impacts
(Freeman et al. 2008; Quiros et al. 2017). Therefore, there is a pertinent need to
further assess the effects of MPAs on seagrasses in tropical coastal systems, particularly in relation to distant disturbances such as land-use and climate impacts.
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Trait-based ecology
Traits are morphological, physiological, behavioural and phenological characteristics measurable at the individual level (Violle et al. 2007). In ecology, there has
been an increased use of trait-based approaches to better understand the responses of organisms, populations, and communities to environmental variability (Lavorel and Garnier 2002; Díaz et al. 2007). These approaches often evaluate
the effects of environmental conditions on community-level traits, thus only assessing interspecific trait variability. However, most organisms show some plasticity in response to environmental conditions, and thus traits may show different
attributes along environmental gradients (Violle et al. 2007). This plasticity can
allow organisms to adapt to environmental changes, increasing their ability to
tolerate stress, but at the same time it may influence and organism’s effect on
ecosystem processes (Miner et al. 2005). Thus, trait-based studies should simultaneously account for both inter- and intraspecific trait variability to properly
estimate the overall influence of environmental conditions on community-level
trait composition (Violle et al. 2012). This is particularly important in the case of
ecosystem engineer species such as seagrasses. Seagrasses display high phenotypic plasticity, being able to modify morphological and physiological traits in
response to local environmental conditions (Udy and Dennison 1997; Collier et
al. 2008; La Nafie et al. 2013; Maxwell et al. 2013). Thus, phenotypic plasticity
can determine their ability to persist in the face of environmental change (Lloret
et al. 2012) as well as their influence on ecosystem structure and function.
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Scope of the thesis

In light of this background, this thesis aims to investigate the direct and indirect
(mediated by species interactions) effects of MPAs on tropical seagrasses, associated fish communities, and ecosystem processes (Figure 1). The four studies
included in the thesis comprised different spatial and temporal scales (Figure 2).

Figure 1 Conceptual framework of the thesis, highlighting the assessed relationships
between disturbances, drivers, and MPAs, and some of the components of the seagrass
ecosystem. The topics of each paper are highlighted using their roman numerals (I–VI)
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Figure 2 Conceptual figure highlighting the temporal and spatial scales addressed in
each of the four papers (I–IV)

The thesis consists of three parts:
1. A temporal analysis of 10 years of seagrass monitoring data from a
MPA to evaluate the seasonal and inter-annual variability in seagrass
cover and species composition in relation to changes in environmental
conditions (Paper I).
2. A 10-month field study investigating the direct and indirect effects of
MPAs on seasonal variability of seagrass-associated fish communities
(Paper II) and biotic interactions and ecosystem processes (Papers II
and III).
3. A large-scale (along 200 km of coastline) field survey assessing the single and joint effects of MPAs and land-use on seagrass species and trait
composition (Paper IV).

9

Methods

Study area
The work presented in this thesis was conducted in two different areas in East
Africa (Western Indian Ocean (WIO) region): Unguja Island (Zanzibar, Tanzania) and the southern Kenyan coast (Figure 3). Coastal marine areas in this region
are often comprised of a mosaic of coral reefs, mangrove forests, and seagrass
and macroalgal beds. The climate is tropical (i.e. average temperatures above 18
°C year round) and strongly influenced by the monsoon cycle, characterized by
two rainy seasons (March-May and October-December) and two dry seasons
(January-February and April-September), with marked differences in temperature and rainfall (McClanahan 1988). Wind patterns also change with the monsoon, with stronger south-easterly winds dominating from April to September
and weaker north-easterly winds from November to February (McClanahan
1988).

10 

Figure 3 Map of the Kenyan and Tanzanian coasts and sampling locations

In the WIO region, fisheries are mostly small-scale and artisanal, taking place
throughout the coastline in shallow water habitats, particularly in seagrass beds
and coral reefs (UNEP 2001; Jiddawi and Öhman 2002; de la Torre-Castro and
Rönnbäck 2004). The fisheries use a wide range of fishing gears and thus they
are highly unselective, with almost any fish species being targeted and caught
(Jiddawi and Öhman 2002; de la Torre-Castro and Rönnbäck 2004). Fishing activities are also dependant on the monsoon cycle, with fishing pressure being
generally reduced from June to September due to strong winds and high waves
(Jiddawi and Öhman 2002; Makame 2013).
The seagrass monitoring site from Paper I is located in Chumbe Island Coral
Park (CHICOP), a 0.3 km2 privately-run marine reserve that has been fully protected from extractive activities since 1994 (Kloiber 2013). Monitoring of the
seagrass bed took place quarterly (4 times per year) between 2007 and 2016. The
fieldwork for Papers II and III took place during three different seasons in
2014–2015 (November–December 2014, March–April 2015, and July–August
2015). Sampling was carried out at four sites around Unguja Island (Zanzibar,
Tanzania): two no-take MPAs (Mnemba Island and Chumbe Island) and two
control (unprotected) sites (Mnemba reef and Changuu Island). Mnemba Island
11

is a private resort where the sea area from the shore and 200 m out has been
formally protected from fishing since 2002 (EcoAfrica 2005). The two MPAs
included in the study are the only no-take zones in Unguja Island at present.
In Paper IV, a field survey was conducted along the southern Kenyan coast
in October–December 2012. Three different types of sites were included in the
survey: four old, government-managed no-take MPAs (Kisite, Malindi, Mombasa, and Watamu Marine National Parks), four recently stablished, communitymanaged no-take MPAs (Kanamai, Kibuyuni, Kuruwitu, and Wasini), and four
unprotected (fished) sites (Chamjale, Kanamai, Mayungu, and Nyali).

Seagrass species
There are ca. 14 seagrass species described in the WIO region, accounting for
more than 20% of the world seagrass species (Green and Short 2003). The
seagrass bed in Paper I is a multi-specific meadow comprised of 6 species: Cymodocea rotundata Asch. & Schweinf, Cymodocea serrulata (R.Br.) Asch. & Magnus,
Halophila spp., Halodule spp., Syringodium isoetifolium (Asch.) Dandy, and Thalassia
hemprichii (Ehrenb.) Asch (Figure 4A).
In the second part of the thesis (Papers II and III) surveys were carried out
in mono-specific Thalassodendron ciliatum (Forssk.) Hartog beds (Figure 4B). T.
ciliatum is a canopy-forming seagrass species that consists of leaf clusters that
grow from an erect branched or unbranched stem (Kuo and Hartog 2001). Even
though it can be part of multi-specific seagrass beds, T. ciliatum often forms large
mono-specific beds that harbour abundant and diverse fish communities (Gullström et al. 2006).
Finally, in Paper IV we surveyed both mono- and multi-specific meadows,
comprising a total of ten species: C. rotundata, C. serrulata, Enhalus acoroides (L.f.)
Royle, Halophila ovalis (R.Br.) Hook.f., Halophila stipulacea (Forssk.) Asch., Halodule
uninervis (Forssk.) Asch., Halodule wrightii Asch., S. isoetifolium, T. ciliatum, and T.
hemprichii.
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Figure 4 A) A multi-specific seagrass bed (Chumbe Island) and B) a mono-specific
Thalassodendron ciliatum seagrass bed (Mnemba reef)
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Field surveys and assays

Seagrass surveys
The method used to quantify seagrass abundance and species composition will
depend on the question of concern. For instance, to quantify seagrass presence
along a gradient, e.g. depth or salinity, a stratified sampling method should be
used, while in absence of such gradients, a random sampling approach would be
more appropriate (Duarte and Kirkman 2001). Seagrass abundance is best characterized based on biomass (above- and below-ground). Biomass samples are
collected by extracting all plant material (shoots, roots, and rhizomes) using
standardized quadrats or corers. Samples are then taken to the laboratory where
above- and below-ground plant material is dried separately at 60 °C until reaching
a stable weight (Duarte and Kirkman 2001). In cases where the assessment of
seagrass biomass may not be possible due to its destructive nature (e.g. within
MPAs), seagrass abundance can be visually estimated as per cent aerial cover
within standardized quadrats (Duarte and Kirkman 2001). Seagrass abundance
can also be estimated in terms of shoot density and canopy height. Shoot density
can be quantified by counting the number of seagrass shoots rooted within a
standardized area. In the case of seagrass species whose stems may be branched,
the number of leaf clusters should also be counted (Duarte and Kirkman 2001).
Canopy height can be measured directly on shoots collected for biomass samples
or by measuring the distance from the sediment to the top of the canopy, ignoring the tallest 20% to avoid canopy height overestimation (Duarte and Kirkman
2001).
In Paper I, we used seagrass cover data collected as part of a long-term monitoring program initiated by SeagrassNet (a global seagrass monitoring network)
in collaboration with Chumbe Island Coral Park (CHICOP). The monitoring
program uses a stratified sampling method where seagrass abundance and species
composition are characterised at permanent quadrats (0.5×0.5 m) along three
transects placed parallel to the shore at three different distances from shore
(Short et al. 2006b). Due to the conservation status of the monitoring site, only
visual estimations of seagrass cover, shoot density, and canopy height are carried
out.
Papers II and III focused on monospecific T. ciliatum seagrass beds, and thus
a randomized sampling approach was used. In Paper II, seagrass aerial cover
was estimated along the same random transects used in the fish surveys (see below) using 0.25 m2 quadrats placed at 5 m intervals along each transect. Within
each quadrat, we visually estimated the bottom per cent cover of seagrass and
14 

other sessile organisms (e.g. corals, macroalgae) no the nearest 10%. This resulted in six subsamples per transect, which were averaged to obtain one value
per transect. In Paper III, seagrasses were characterized in terms of shoot density, canopy height, and above-ground biomass of seagrass and associated epiphytes. Biomass samples were taken at random stations within each site and
shoot density was estimated within 0.25×0.25 m quadrats at each station.
In Paper IV one of the questions of interest was the effect of distance to
shore on seagrass species and trait composition. Therefore, here we used a stratified sampling approach. At each site, seagrass surveys were conducted at three
different zones: shallow, middle, and reef. The shallow zone was in the intertidal
area, 10 m seaward from the closest point to the shoreline where the first rooted
seagrass plant was, or could have been, observed. The reef zone was placed in
the coral reef flat and was usually dominated by hard corals interspersed with
seagrass and macroalgae. The middle zone was placed in the lagoon at an equal
distance from the shallow and the reef zones. Within each zone, samples were
taken at 50 m intervals along a transect parallel to the shoreline. Seagrass samples
were collected using 10 cm diameter steel corers (to a sediment depth of 20 cm).
in an area representative of the seagrass species composition within a 5 m radius.
Seagrass composition was then characterized based on five morphological traits
(number of leaves per shoot, leaf length and width, and above- and belowground biomass) which were measured in the laboratory for each species present.

Fish surveys
Extractive methods, such as the use of nets or trawls, can prove useful to assess
fish abundance and species composition in coastal ecosystems, especially since
these methods do not depend on underwater visibility and can be used at any
time of the day (e.g. day-night surveys). However, such methods may not be
suitable to survey fish communities within MPAs were extractive activities are
not allowed. Alternatively, there are several non-destructive methods that can be
used. Underwater visual census (UVC) is one of the most widely used methods
to assess fish densities, especially in tropical regions where visibility is usually
favourable. UVC can be used in many different habitats, it is a fast, non-destructive, and inexpensive method, and produces data that can be easily comparable
with many other studies (Hill and Wilkinson 2004). Despite its advantages, UVC
precision and accuracy depend on many factors. For example, fish abundance
estimations can be affected by census duration (St John et al. 1990), method, e.g.
point-counts vs. belt transects (Thresher and Gunn 1986; Watson and Quinn
1997) or SCUBA diving vs. snorkelling (Dearden et al. 2009), and speed (Lincoln
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Smith 1988), as well as transect width (Cheal and Thompson 1997). Estimations
of fish abundance and size may also differ among observers (Thompson and
Mapstone 1997) and errors can arise in the estimation of fish sizes (Bell et al.
1985; St John et al. 1990). Moreover, fish behaviour can affect their detectability,
with cryptic and nocturnal species being underestimated or even missed (Brock
1982; Willis 2001), while large predatory species are often overestimated (WardPaige et al. 2010), and presence of divers can also affect fish behaviour by either
frightening or attracting them (Kulbicki 1998). Nevertheless, UVC is one of the
most well-accepted and practical methods for non-destructive estimations of fish
abundance (Cheal and Thompson 1997; MacNeil et al. 2008), and have been used
in a wide range of studies in coral reefs (Campbell and Pardede 2006; McClanahan et al. 2009; Pittman and Brown 2011) and seagrass ecosystems (Nagelkerken
et al. 2000; Cocheret de la Morinière et al. 2002; Campbell et al. 2011).
During the last decade, there has been an advancement in the development
of fish census methods using video systems, such as remote underwater video
systems, which can be baited or un-baited, diver operated video systems, and
towed underwater cameras. These methods have generally been shown to overcome some of the biases associated with UVC, such as issues associated with
diver presence (Fox and Bellwood 2008) and accuracy of fish size estimations
(Harvey et al. 2001; Holmes et al. 2013; Goetze et al. 2015). At the same time,
video systems may not be as accurate as UVC in detecting some species, and fish
density (individuals per unit area), size distribution, and species richness can be
underestimated in certain circumstances (Watson et al. 2005; Lowry et al. 2012;
Tessier et al. 2013). Therefore, it is recommended that a combination of methods
is used to accurately assess fish density and diversity (Watson et al. 2005; Colton
and Swearer 2010; Lowry et al. 2012). However, compared to UVC, underwater
video systems are costly and time consuming (Holmes et al. 2013) and thus their
use depends on time and funding availability.
Fish surveys in Paper II (data also used in Paper III) were carried out
through UVC by means of snorkelling. Despite its inherent biases, we used this
method due to its rapid and inexpensive qualities and to make the collected data
comparable to most of the research carried out in the region. To avoid observer
bias, all UVCs were carried out by the same snorkeler (E Alonso Aller). Moreover, census method, duration, and speed were standardized throughout the study,
and fish identification and size estimation were practiced prior to the study and
again before each field season. UVCs were conducted using replicated 25×4 m
belt transects which were randomly placed and located > 5 m apart and parallel
to the shoreline. After deployment of a 25 m transect line, we allocated a period
of 5–10 min to reduce fish disturbance. To account for differences in fish behaviour, the transects were swam through twice, first counting and identifying all
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mobile, large fish, and the second time the less mobile, small fish. Swimming
speed was kept constant (~0.1 m/s) to standardize search time per transect. All
fish observed within or crossing the transect were identified to the lowest taxonomic level possible, usually species, counted, and their total body length was
estimated to the nearest 5 cm. All fish surveys were carried out during high neap
tide (± 3 h), when water movement was minimal.

Herbivory assays
There are different methods available that can be used for the estimation of herbivory rates of seagrasses by herbivorous fish in field conditions. Herbivory can
be indirectly estimated based on the presence of fish bite marks in collected
leaves by comparing the maximum leaf length reached on intact leaves versus
leaves with fish bite marks (Cebrián and Duarte 1998). While this method is simple and cost-efficient, it presents some disadvantages. Indirect measurements of
herbivory only provide information on cumulative grazing, i.e. over the species
leaf life-span (Cebrián and Duarte 1998), making it unsuitable for seasonal studies on seagrass species with long leaf lifespans, such as T. ciliatum (Kamermans et
al. 2001), and it can underestimate rates of consumption (Cebrián and Duarte
1998; Heck and Valentine 2006). Other indirect measurements of herbivory,
such as counting the number of bite marks in collected leaves, have also been
used in seagrass studies (e.g. Alcoverro and Mariani 2004), however this method
may also underestimate herbivory rates (Zieman et al. 1984; Cebrián and Duarte
1998).
Alternatively, herbivory rates can be directly measured by using tethering
techniques. Tethering involves the deployment of intact leaves in the field during
a certain period of time. By measuring leaf length or area before and after deployment, herbivory rates can be estimated as the difference between the two
measurements (Hay 1981). Even though tethering techniques could potentially
lead to over- or underestimation of consumption rates (McGuinness 1997;
Kirsch et al. 2002), tests of potential tether artefacts have shown that tethering
does not lead to strong bias in the estimation of consumption rates (Kirsch et al.
2002). Thus, tethering assays are considered to be a reliable method to compare
relative consumption rates over space and time (Heck and Valentine 2006) and
they have been frequently used to assess herbivory rates in both seagrass and
coral reef areas (Hay 1981; McClanahan et al. 1994; Kirsch et al. 2002; Prado et
al. 2007).
To estimate herbivory rates in Paper III, we used a modified tethering technique. Most studies deploy the tethers attached to a rope or line (McClanahan et
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al. 1994; Kirsch et al. 2002). In our study, since herbivory rates were to be estimated on T. ciliatum leaves, the tethers were directly attached to the stems of live
T. ciliatum shoots to ensure that the tethers displayed a natural position and movement in the water column. Tethers were deployed for ~24h at a time during three
consecutive days. The tethered leaves were photographed before and after deployment and the area of each leaf was measured from the photographs using
image software. Herbivory rates were then calculated as leaf area lost (leaf area
before - leaf area after) per day. To avoid overestimation of herbivory rates, samples where all leaves in a tether completely disappeared were removed from analyses, since they could have detached from the tethers for other reasons than
grazing. Additionally, we recorded the number of bite marks present on randomly collected seagrass leaves.

Seagrass growth assays
Leaf production in seagrasses is commonly measured in situ using different leaf
marking methods depending on the growth form of the seagrass species of interest – leaf-replacing vs. non-leaf-replacing forms (Short and Duarte 2001). In
Paper III the focus species was T. ciliatum, a seagrass species with a leaf-replacing
growth form, i.e. leaf tissue is continuously produced within a leaf cluster (Short
and Duarte 2001). For species with this growth form, the hole punch method is
recommended, and it has been widely used in the literature to measure production rates in several seagrass species (e.g. Zieman 1974; Dennison 1990; Cebrián
et al. 1998; Uku and Björk 2005; Eklöf et al. 2008a). To measure leaf production,
all leaves within a cluster are marked by punching a hole in the lower part of the
outer leaf sheath. As the leaves grow, the marking scar will move, while the scars
will stay in place in the sheath area. After a period of time, the marked shoots are
collected and cut at the height of the original marking in the sheath area. Any
leaf material below the marking scars is newly produced material. Leaf production rates can then be calculated as the area of newly produced material divided
by the time interval.
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Assessing the effectiveness of MPAs

Before-After vs. MPA-reference assessment
When assessing the effectiveness of MPAs, ideally, one should compare the present conditions with baseline data (collected prior to protection) in both the protected area and in reference areas (a Multiple Before/After Control/Impact design or MBACI) to be able to directly evaluate any potential effects of protection
in ecosystem status (Underwood 1991; 1993). However, in most cases, and particularly in developing regions, the availability of baseline information (before the
MPA was implemented) is scarce. A common approach used to assess MPA effectiveness in absence of baseline information is to compare the ecosystem status
within the MPA to the status in a reference site (Watson et al. 2005; Micheli et
al. 2012; Fraschetti et al. 2013). To avoid the influence of confounding factors,
reference sites should be carefully selected so that environmental conditions are
as similar as possible to the conditions within the MPA. In some cases, partially
confounding factors can be included as statistical covariates. Here, we investigated the effects of MPAs on seagrass ecosystems in the WIO region, an area
generally characterized by a lack of baseline information, especially regarding
seagrasses (Waycott et al. 2009). We therefore used the MPA vs. reference site
approach. In Papers II and III, a reference site was selected for each MPA,
while in Paper IV, since two types of MPAs were included, the same number of
sites were surveyed for each category (government-managed MPA, communitymanaged MPA, and unprotected). In Paper IV, we also applied a space-for-time
replacement approach by sampling MPAs of different ages (time since protection) to be able to evaluate how time since protection affects MPA effectiveness
(McClanahan and Graham 2005; Sala et al. 2012; Guidetti et al. 2014).

Drawing general conclusions about MPA effects
To be able to draw general conclusions, that not only assess the effects of a single
MPA, the effectiveness of MPAs should be evaluated in several locations so that
site-specific effects will not be confounded with MPA effects. However, this may
not always be possible. In Papers II and III, two MPAs and two reference sites
were evaluated. Even though these studies were originally planned to also include
MPAs and reference sites along the Kenyan coast, the security situation in coastal
Kenya during the start of the study prevented us from sampling repeatedly in
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these locations. Moreover, due to the seasonal character of the studies and the
dependence on specific tides, it was logistically problematic to include more locations. Despite the low site replication, both Papers II and III showed significant effects from MPAs, and thus, increased replication could have potentially
only strengthened the results. In Paper IV, four sites of each category (government-managed MPAs, community-managed MPAs, and unprotected) were assessed, and thus there was a good level of replication at each management category level.

Piecewise path analyses
In ecological studies, researchers have traditionally used statistical methods
that evaluate the effect of one or more factors on a single response variable, e.g.
ANOVA or linear models. While these methods provide important information,
they are not able to detect indirect effects (e.g. factor A influences factor B
through changes in a third factor C). Given the complex nature of ecosystems,
where interactions between species or between species and the environment do
not occur in isolation, statistical methods that can identify such indirect effects
are essential to improve our understanding of ecosystems (Wootton 2002).
Structural equation modelling (SEM) is a statistical method that aims to make
a connection between empirical data and theoretical ideas (Grace et al. 2010).
SEM combines multiple predictor and response variables into a single causal network where any variable may act as both predictor and response, allowing for
the quantification of both direct and indirect effects (Grace 2006; Grace et al.
2010). SEM is usually represented by path diagrams, where the observed variables are connected through directional arrows (pathways) that indicate their relationship and represent hypothesised causal relationships between a set of variables (Bollen and Pearl 2013).
In the past, SEM has been mostly used in other fields of science, particularly
in economy, social science, and psychology. However, SEM presents certain advantages that make it especially useful to study complex ecological systems. For
instance, it allows to assess direct and indirect effects (Grace 2006; Lefcheck
2015) and to test causal implications of ecological interactions (Grace 2006; Shipley 2009), and can include latent variables (hypothesized variables with no direct
measurements) to represent theoretical entities (Grace et al. 2010). Therefore,
SEM has been increasingly used in ecological studies during the last decade (e.g.
Alsterberg et al. 2013; Duffy et al. 2015; Lefcheck et al. 2018).
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Path analysis is a variant of SEM that only uses observed data (with no latent
variables). Traditionally, path analyses are estimated using a maximum likelihood
approach on the observed variance-covariance matrix. However, this method
presents certain limitations that restricts its use in certain conditions: it assumes
that all observations are independent and that all variables are normally distributed (Grace 2006). To overcome some of these limitations, a piecewise estimation approach can be applied. PiecewiseSEM transforms the path diagram to a
series of equations that are solved and evaluated individually (Lefcheck 2015).
Since each equation is evaluated separately, different error distributions can be
applied to each equation (Shipley 2009; Lefcheck 2015). Moreover,
piecewiseSEM can account for hierarchical sampling designs, by including random factors, as well as for temporal autocorrelation, by including autocorrelation
structures (Lefcheck 2015).
SEM and path analyses are useful tools for studying complex ecological interactions; however, care should be taken when specifying and interpreting the
models. Piecewise SEM cannot resolve the directionality of pathways, i.e.
whether factor A influences factor B or B influences A, and also cannot disentangle cyclic (feedback) relationships (Shipley 2009; Lefcheck 2015). Therefore,
previous knowledge of the system is essential to be able to properly hypothesize
causal relationships. Even though SEM has been often criticized for establishing
causal relationships from correlations (Freedman 2004), in practice, causality is
not directly derived from the models. Instead, SEM tests carefully specified models based on hypothesized causal relationships that are derived from previous
research, scientific knowledge and logical arguments (Bollen and Pearl 2013).
Thus, the validity of the causal relations relies on the validity of the theoretical
causal hypotheses.
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Main results and discussion

Seagrass temporal variability
Seagrass beds are known to be naturally dynamic in terms of cover, species composition, and distribution at both seasonal and inter-annual scales (Duarte et al.
2006). However, most research on seagrass temporal dynamics has focused on
temperate mono-specific seagrass beds (e.g. Bernard et al. 2007; Shelton et al.
2016), while in the tropics, especially in developing regions, the knowledge about
seagrass variability and species-specific responses is more limited.
In Paper I, we used ten years of monitoring data (2007–2016) to investigate
the temporal dynamics within a multi-specific tropical seagrass bed. Despite
some differences between the three transects, seagrass cover showed a general
pattern of gradual decline, followed by a period of recovery. The length and range
of the period of decline increased with distance to shore, so that the farthest
transect experienced the longest and strongest period of decline, with up to 50%
loss in seagrass cover. After reaching a minimum, seagrass cover increased in all
three transects, although not yet reaching the levels of seagrass cover observed
in 2007. Inter-annual changes in seagrass cover also varied between quarter of
the year, e.g. seagrass decline was strongest during the first quarter of the year,
leading to changes in seasonality patterns. We also observed some species-specific responses, suggesting some degree of response diversity within the assemblage. For instance, S. isoetifolium seemed to strongly decline in all transects where
it was present, while the cover of other species such as C. serrulata increased instead. Species-specific changes also displayed some patterns of replacement between species, where increases in cover of a certain species were observed after
another species had declined, e.g. between C. rotundata and T. hemprichii.
Seagrass cover not only varied over time and between transects. Distance
along the transect (i.e. position of each quadrat on a transect) was a strong predictor of seagrass cover, indicating that seagrass cover is highly variable in time
and at small spatial scales.
Seagrass species composition also displayed a pattern of disturbance and recovery that varied between transects (Figure 5). Seagrass species composition
seemed to gradually deviate from the original species composition (observed in
2007). After a period of departure, there was a switch in the direction of year-to22 

year changes in seagrass species composition, moving back towards the original
composition. In the transect closest to shore, there seemed to be a short period
of departure, rapidly returning to the original composition and stabilising. In the
other two transects however, the period of departure was longer, and the changes
were greater. By 2016, the species composition of the middle and farthest transects had not yet returned to the original composition.

Figure 5 Year-to-year changes in seagrass species composition per transect

Causes of seagrass temporal variability
Seagrass beds are under increasing pressure from human disturbances (Waycott
et al. 2009), ranging from local physical disturbance to global climate change effects. Even though seagrasses seem to be able to tolerate gradual changes in climatic conditions to a certain extent, extreme events such as heat waves or severe
storms may pose a major threat (Preen et al. 1995; Campbell et al. 2006; Short et
al. 2016).
In Paper I, we investigated factors that could potentially explain the observed
pattern of decline and recovery in seagrass cover. Since the monitoring site is
located in a well-enforced MPA, local physical disturbances within the MPA are
unlikely to occur. Thus, we focused on the potential influence on 11 climate and
tidal exposure variables that were chosen based on the literature. Out of these,
five variables seemed to influence seagrass cover. Seagrass cover positively correlated with cloud cover and height of the diurnal low tide, and negatively with
minimum air temperature, number of sunspots, and storms (Fig. 5 in Paper I).
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Both cloud cover and increased tidal height may reduce seagrass exposure to
direct sun during low tide events, reducing the risk of burning and desiccation
(Björk et al. 1999). Increased temperature negatively influenced seagrass cover.
Even though moderate increases in temperature may benefit seagrasses (Koch et
al. 2013), extreme temperatures can have a strong adverse impact (Campbell et
al. 2006; Koch et al. 2013). In field conditions, however, previous studies show
contradictory effects of increased temperature on seagrasses (e.g. Freeman et al.
2008; Rasheed and Unsworth 2011; López-Calderón et al. 2013). Seagrass cover
was also negatively correlated with the number of sunspots. Only one previous
study has shown a similar effect (Marques et al. 2015), although other studies
also observed an influence of solar radiation on seagrass cover (Unsworth et al.
2012). Finally, storms may negatively influence seagrasses through increases in
water turbidity and sediment and water movement. Our results showed a negative correlation between the occurrence of storms and seagrass cover, in agreement with previous studies (Short et al. 2006a; Rasheed et al. 2014). Despite the
significant influence of the above-mentioned climate and tidal variables, they explained very little of the seagrass cover temporal variability, indicating that other
unmeasured variables may be more responsible for the observed pattern of decline and recovery.

Effects of MPAs on seagrass beds
This thesis also investigated the direct and indirect effects of MPAs on
seagrasses, associated fish communities, and ecosystem processes in relation to
monsoon seasonality (Papers II and III) and land-use (Paper IV).

Effects on seagrass-associated fish communities
Fish density and diversity
Overall, MPAs did not increase fish abundance or diversity in seagrass beds (Paper II), contrasting with other studies in the WIO region that show a general
positive effect of protection on fish communities (McClanahan et al. 2009;
McClanahan 2011; Tyler et al. 2011). This difference could potentially be explained by differences in focus habitat, differences in focus species, or due to
relatively low site replication. First, while most studies have assessed the effects
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of protection on coral reef communities (e.g. McClanahan 2011), our study focused on seagrass-associated fish. Compared to coral reefs, fish communities in
seagrass beds are generally less diverse and often comprised of more mobile (less
sedentary) species (Gillanders 2006), two qualities that could reduce the effectiveness of MPAs. Second, previous studies in the region have generally evaluated the effects of protection on a subset of fish species, often species that are
targeted by fisheries (e.g. McClanahan et al. 2009). Even though MPAs have the
potential to protect all species present in within the area, it is only logical that
fishery target species will be benefitted the most. In our study, the whole fish
community was taken into consideration, and thus the positive effects of protection on target species could have been underestimated. Finally, as discussed in
the methods section, the study presented a relatively low level of site replication.
Thus, any strong differences between individual sites was more heavily weighted
in the overall results.
Fish community temporal stability
Paper II investigated the potential of MPAs to increase seasonal stability of
seagrass-associated fish communities. The stabilising effect of MPAs seemed to
differ between fish age classes. Juvenile and adult fish were more seasonally stable within MPAs than in the reference sites, both in terms of density and species
composition, while subadult fish communities were less affected by MPAs.
When considering the overall fish community, there were no effects of MPAs or
seasonality, potentially due to differential responses between age classes leading
to an overall stability. More importantly, MPAs seemed to stabilise fish communities through a combination of direct and indirect effects. Our results showed
that seagrass cover was more seasonally stable within MPAs, indirectly increasing
the stability of fish communities (Figure 6). Fish communities in seagrass beds
are known to be influenced by seagrass cover (Gullström et al. 2008; Alonso
Aller et al. 2014), and thus any seasonal changes in seagrass cover are likely to
affect the associated fish communities. This is especially important for juvenile
fish, since they depend on the seagrass canopy for protection from predation
(Orth et al. 1984), and may explain why we observed a stronger effect of MPAs
on juvenile fish communities.
An important functional group of fish in tropical seagrass beds are herbivorous fish that feed on seagrasses (from now ‘herbivorous fish’). Even though
only a few species of fish feed directly on seagrasses, they are highly important
from both an ecological and a socio-economic perspective (de la Torre-Castro et
al. 2008; Gullström et al. 2011). In Paper III, we showed that, even though herbivorous fish density varied seasonally, this variability was weaker within than
outside MPAs (Fig. 4 in Paper III).
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Figure 6 Direct and indirect (habitat-mediated) effects of seasonality on fish densities
in MPAs and unprotected seagrass beds. Grey arrows are non-significant effects

Effects on ecosystem processes
Herbivory is a key ecosystem process structuring tropical seagrass ecosystems
and the services they generate (Scott et al. 2018). While intense herbivory events
may cause declines, or even losses, in seagrass biomass (McGlathery 1995; Eklöf
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et al. 2008b), moderate levels of herbivory can promote seagrass growth (Valentine et al. 1997; Vergés et al. 2008) through ‘overcompensation’, a mechanism by
which plants compensate for the loss of tissue by using stored resources to increase growth (McNaughton 1983; Valentine et al. 1997). The link between herbivores, herbivory, and seagrass growth depends on multiple factors that can in
turn be influenced by human activities (Fig. 1 Paper III). For instance, some of
the main seagrass herbivores (e.g. Leptoscarus vaigiensis and Siganus sutor) in the
WIO region are target species of high economic value in artisanal fisheries (Jiddawi and Öhman 2002; de la Torre-Castro et al. 2014). Thus, reductions in herbivorous fish abundance due to fishing will affect herbivory rates and could ultimately affect seagrass growth. Herbivorous fish abundance may also vary with
changes in seagrass biomass (Gullström et al. 2008; Alonso Aller et al. 2014),
which can also vary seasonally (Erftemeijer and Herman 1994). Herbivory rates
also depend on herbivore type, e.g. fish vs. sea urchin (McClanahan et al. 1994),
which are in turn affected by fishing pressure (Alcoverro and Mariani 2004;
Prado et al. 2008) and nutrient load (Tewfik et al. 2007). Seagrass growth can also
vary seasonally (Uku and Björk 2005) and with changes in the light environment
(Eklöf et al. 2009b). Moreover, both herbivory and growth may depend on the
presence and abundance of seagrass epiphytes (Montague et al. 1995; Brodersen
et al. 2015), which is also influenced by seasonality (Uku and Björk 2001).
Considering these potential interactions, in Paper III we investigated the direct and indirect effects of seasonality on seagrass herbivory and growth rates in
MPAs and unprotected areas. We found clear differences between MPAs and
the reference sites (Figure 7). Within MPAs, seasonally high herbivorous fish
densities increased herbivory rates, which in turn positively influenced seagrass
growth. However, this indirect effect of herbivore abundance on growth rates
was not apparent in the unprotected reference sites. Moreover, the effects of
seasonality on herbivorous fish and epiphyte abundance were stronger in the
reference sites, suggesting that MPAs may also have a role stabilising key ecosystem processes such as herbivory.
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Figure 7 Direct and indirect effects of seasonality on herbivory and growth rates in
MPAs and unprotected seagrass beds. Grey arrows are non-significant effects

Effects of MPAs and land-use on seagrasses
Even though MPAs seem to protect seagrasses from certain local disturbances
such as intense grazing by sea urchins (McClanahan et al. 1994; Alcoverro and
Mariani 2004), their potential to prevent the effects from more diffuse and spatially distant disturbances is unclear. Disturbances originating from intense landuse, such as increased nutrient- or sediment-rich runoff, can strongly influence
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seagrasses in terms of cover and species composition (Terrados et al. 1998; Rivera-Guzmán et al. 2014), and recent studies have argued that MPAs may not be
able to protect seagrasses from such disturbances (Eklöf et al. 2009a; Quiros et
al. 2017). Moreover, seagrasses present a high phenotypic plasticity, i.e. they can
change their morphological or physiological traits in response to changes in environmental conditions (Short and Wyllie-Echeverria 1996; Peralta et al. 2005;
Cabaço et al. 2009). Therefore, disturbances originating from land-use may affect
seagrass community trait composition not only through changes in species composition, but also through changes in individual plant traits.
In Paper IV, we evaluated the single and interactive effects of MPAs and
land-use on seagrass species and trait composition. We considered land-use effects at two different scales – site and river basin scales – to account for both
local and distant disturbances. Both MPAs and land-use variables influenced
seagrass species and trait composition (Figure 8). Seagrass species composition
was influenced by MPAs and land-use variables at both the local and the river
basin scales. MPAs seemed to promote a change in dominant species within
seagrass beds, from E. acoroides and/or T. hemprichii in the unprotected reference
sites, to T. hemprichii in the recently-established, community-managed MPAs, and
T. ciliatum in the old, government-managed MPAs. A similar shift in species dominance between MPAs and unprotected areas have been previously described in
the region (McClanahan et al. 1994; Alcoverro and Mariani 2004). Seagrass trait
composition was mostly explained by species composition, but MPAs and landuse at the river basin scale also had a significant effect. Thus, land-use and MPAs
seem to influence seagrass trait composition both directly, through phenotypic
plasticity, and indirectly, through changes in species composition. Among the
seagrass traits considered, land-use and management mostly influenced seagrass
above-ground biomass and leaf length and width. MPAs promoted seagrass with
wider leaves and higher above-ground biomass. Regarding land-use, a higher
proportion of agricultural land seemed to promote seagrasses with longer, narrower leaves, and lower above-ground biomass. Variability in these traits, particularly leaf length and above-ground biomass, seemed to be strongly influenced
by phenotypic plasticity (Fig. 3 in Paper IV). Seagrass trait composition was also
influenced by distance to shore, particularly through phenotypic plasticity, by
promoting seagrasses with shorter leaves and higher below-ground biomass.
We also assessed a potential interaction between MPAs and land-use effects
on seagrasses, under the assumption that the presence of MPAs may buffer the
effects of land-use. MPAs did not seem to buffer the effects of land-use on either
species or trait composition, with land-use showing a similar effect on seagrasses
both in the old, government-managed MPAs and in the unprotected reference
sites. However, seagrass beds in the community-managed MPAs did not show
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any influence from land-use neither at the site nor at the river basin scales. This
lack of influence of land-use in the community-managed MPAs could potentially
be explained by their location, often in rural areas with low population density
that do not attract as much tourism as the old government-managed MPAs.
However, all land-use variables presented a lower variability the communitymanaged MPAs than across unprotected sites and government-managed MPAs,
and thus our data may not be ideal to test this interaction.

Figure 8 Semi-conceptual model illustrating the direct and indirect effects of MPAs
and land-use on seagrass trait composition

30 

Synthesis

Temporal dynamics in seagrass ecosystems
This thesis investigated the spatial and temporal (seasonal and inter-annual) variability of seagrass beds, highlighting the highly dynamic nature of these ecosystems.
Seagrass beds are characterised by a high temporal variability, with seagrass
cover and species composition varying between years and seasons (Paper I).
More importantly, these changes may further influence ecological interactions
and ecosystem processes. Changes in seagrass cover, biomass, and species composition can influence the density and diversity of associated organisms (e.g. Adams 1976; Vonk et al. 2010). This thesis demonstrates that seagrass-associated
fish communities vary seasonally in terms of abundance and species composition, and that this effect is caused by a combination of direct and indirect (habitat-mediated) effects (Paper II). Seasonality can directly affect fish communities
in terms of reproduction and recruitment, and/or migration patterns (Pollard
1984; McClanahan 1988; Abesamis et al. 2015). At the same time, seasonality
seems to also indirectly affect fish communities through changes in seagrass
cover and biomass, which influence habitat quality. Increased seagrass cover and
biomass have a positive influence on fish density (Gullström et al. 2008; Alonso
Aller et al. 2014) through increasing protection from predators (Orth et al. 1984;
Heck and Orth 2006) and food availability (Bell and Westoby 1986). Changes in
seagrass cover and biomass can also influence fish species composition. For example, seagrass beds with higher seagrass biomass often present a higher proportion of herbivorous fish (Alonso Aller et al. 2014). By altering the presence
and abundance of key functional groups, such as herbivores, seasonality can indirectly influence important ecosystem processes, e.g. herbivory (Paper III).
Seagrasses also display a high spatial variability at a wide range of spatial scales,
and in response to disturbances such as land-use, both in terms of species and
trait composition. Previous studies have shown that impacts from land-use, such
as increased sediment-rich runoff, can affect seagrass beds in terms of cover and
species composition (Terrados et al. 1998; Quiros et al. 2017), by selecting for
the most resistant species. At the same time, seagrasses have been shown to pre-
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sent a high phenotypic plasticity, by altering their morphological and physiological traits in response to disturbances such as light reductions or nutrient enrichment (Udy and Dennison 1997; Collier et al. 2012; La Nafie et al. 2013). This
thesis demonstrates that land-use can induce changes in seagrass species and trait
composition (Paper IV). On the one hand, phenotypic plasticity can enhance
seagrasses ability to resist changes in environmental condition (Maxwell et al.
2013; McDonald et al. 2016), which is of especial importance given their role as
ecosystem engineers. On the other hand, by modifying seagrass species and trait
composition, land-use impacts can have indirect effects on associated organisms
and ecosystem processes. Our results suggest that higher proportion of agricultural land at the river basin level can influence seagrasses by reducing aboveground biomass both through shifts towards species with lower biomass and
through phenotypic plasticity. Seagrass biomass has been shown to strongly influence associated fish communities by enhancing fish abundance and increasing
proportion of herbivorous fish (e.g. Alonso Aller et al. 2014), which in turn can
influence key trophic interactions (Paper III). Similar indirect effects could also
be expected to be driven by changes in seagrass cover and species composition
at longer time scales, such as the ones observed in Paper I.
Temporal and spatial changes in seagrasses and associated fauna can further
influence key ecosystem processes through biotic interactions like trophic cascades (Paper III). We found that seasonality can influence fish density both directly and indirectly through changes in seagrass cover (Paper II). Seasonally
higher herbivorous fish density can increase herbivory rates (McClanahan et al.
1994). At the same time, herbivory at moderate levels may promote seagrass
growth (Valentine et al. 1997; Vergés et al. 2008), which in theory could generate
a positive feedback that promotes ecosystem stability. This thesis shows evidence
of a positive interaction between herbivorous fish, herbivory rates, and seagrass
growth (Paper III). However, this interaction may be weakened, or even broken,
under anthropogenic disturbance like removal of herbivores through fishing.
The temporal and spatial variability of seagrass beds can also be influenced by
seagrass species diversity. Increased species diversity often implies a higher response diversity (that different co-occurring species respond in different ways to
a shared stressor) due to different environmental tolerances or to reduced competition (McCann 2000; Elmqvist et al. 2003; Worm et al. 2006), increasing the
resilience of ecosystems to environmental change (Hooper et al. 2005; Bernhardt
and Leslie 2013). In tropical regions, seagrass beds are often multi-specific, with
several seagrass species co-occurring within a single bed. Given their higher diversity, multi-specific seagrass beds may also show a high response diversity
(Elmqvist et al. 2003), potentially increasing their resistance to environmental
stress. Paper I demonstrates that, within multi-specific seagrass beds, individual
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species may respond differently to disturbances. Even though seagrass cover
showed a general pattern of decline followed by recovery over the 10-year period,
some species declined more than others, while other species increased following
the decline of another species, causing a pattern of replacement. These could be
caused by a combination of high response diversity between species (Campbell
et al. 2006) and competition for e.g. space or light, thus promoting growth of less
competitive, opportunistic species. Similarly, response diversity can also affect
the stability of seagrass-associated fish communities. In Paper II, different fish
age classes were influenced by seasonality; however, there was no effect on overall fish density, potentially due to the different responses of each age class. Similar
stabilising effects of diversity have been shown for fish communities elsewhere
(e.g. Worm et al. 2006; Duffy et al. 2016).

Protection of seagrass ecosystems
This thesis also evaluated the potential of MPAs to protect seagrass beds from
fishing, seasonal climate variability, and land-use effects.
MPAs can increase stability of ecosystems in response to long-term changes
and point disturbances (Babcock et al. 2010; Bates et al. 2014; Mellin et al. 2016).
However, so far, few studies have assessed the stabilising effect of MPAs in
seagrass ecosystems and in relation to seasonal variability (but see Francour 1994;
Harmelin et al. 1995; Seytre and Francour 2009). This thesis evaluated the potential of MPAs to buffer the effects of seasonal variability on seagrass-associated
fish communities and ecosystem processes. Regarding fish communities, stabilising effects of MPAs differed between fish groups. MPAs increased seasonal
stability of juvenile and adult fish, while subadult fish were less influenced (Paper
II). The effects of MPAs on fish temporal stability seemed to be both direct and
indirect, mediated by reduced variability in seagrass cover. MPAs also increased
seasonal stability of herbivorous fish (Paper III). Herbivorous fish are a key
functional group that influence important ecosystem processes such as herbivory, which in turn may influence seagrass growth (e.g. Vergés et al. 2008),
promoting a positive feedback that enhances ecosystem stability. In seagrass beds
within MPAs, there was a positive link between herbivore abundance, herbivory,
and seagrass growth rates. However, this link was not observed in the unprotected sites, where seasonality seemed to be the main factor influencing herbivory
(Paper III). These results show evidence that MPAs can potentially increase seasonal stability of ecosystems to a certain extent, and that they can help to maintain, or facilitate the recovery of key ecosystem processes and interactions.
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Even though MPAs may be able to protect ecosystems from local disturbances, their potential to buffer distant and large-scale disturbances has been questioned (e.g. Eklöf et al. 2009a; Darling et al. 2010; Quiros et al. 2017). In Paper
IV, we assessed the potential for MPAs to buffer impacts from land-use. MPAs
seemed to protect seagrasses to a certain extent. For instance, there was a shift
in species composition from seagrass beds dominated by E. acoroides and/or T.
hemprichii in unprotected sites to dominance of climax species such as T. ciliatum
in the old, large MPAs. However, land-use effects on species and trait composition were apparent in both MPAs and unprotected sites, indicating that MPAs
may not be able to buffer the impacts from land-use on seagrass beds.
Finally, in Paper I, seagrass cover showed a considerable inter-annual variability, including periods of strong declines (up to 50%). Even though the temporal variability of seagrass cover and potential effects of climate variables was
only assessed at one site, this site is a strongly-enforced MPA, where extractive
activities, as well as mooring, are not allowed. Although the causes of decline are
not clear, given the protection status of the area, it is likely that disturbances
originating outside the MPA borders may have been involved (see also Paper
IV), suggesting that MPAs may not be sufficient to protect seagrass beds from
disturbances originating outside of MPA borders.

Implications for management
Overall, MPAs seem to be able to protect seagrasses and seagrass ecosystems
only to a certain extent. Most MPAs focus on reducing or fully stopping fishing
activities in the area, as well as reducing local physical disturbances. Thus, positive effects of protection are more likely to appear in relation to fish communities, and indirectly in ecological interactions and processes in which fish may be
involved. However, seagrasses can be strongly influenced by stressors originating
outside MPA boundaries, such as effects of land-use or climate variability. In
such cases, MPAs may not be sufficient to protect seagrass ecosystems, particularly given the role of seagrasses as ecosystem engineers. A recent study demonstrated that management of watersheds can lead to reductions in nutrient loads,
and in turn enhance the recovery of degraded submerged aquatic vegetation
along large spatial scales (Lefcheck et al. 2018). Thus, to ensure the maintenance
of these key coastal ecosystems and the services they provide, management strategies should be improved to manage resource use in both the marine and the
adjacent terrestrial environments.
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Future perspectives

This thesis demonstrates that even though MPAs may prove useful to protect
seagrass-associated fish communities and enhance ecosystem processes to a certain extent, they may not be effective to prevent the impact from disturbances
originating outside their borders, e.g. land-use.
In Paper I, we showed that seagrasses present a high temporal and spatial
variability, even within a well-enforced MPA. Seagrass cover gradually declined
over a period of 4–7 years, followed by a steady increase. Changes in local climate
and tidal conditions could only explain a minimal part of the variability in
seagrass cover, indicating that other variables not measured in the study may be
responsible. This suggests that seagrass monitoring programmes should consider
in advance potential drivers of seagrass change, both at the local and regional
scales, and include measurements of such drivers as part of the monitoring. For
example, changes in sediment transport and accumulation can strongly influence
seagrasses (e.g. Cabaço et al. 2008), and could be easily measured, e.g. by using
sediment traps.
MPAs increased temporal stability of juvenile, and to a certain extent adult,
fish assemblages (Paper II) and the results suggest that this effect may also be
apparent for certain fish functional groups, e.g. herbivorous fish (Paper III).
Changes in individual functional groups may lead to changes in overall functional
diversity, with further consequences for ecosystem function and stability (Tilman
1997; Duffy et al. 2016). Thus, further studies should investigate the effects of
MPAs on the temporal stability of individual functional groups and functional
diversity based on multiple fish traits.
The results in this thesis also show that MPAs strengthen the link between
herbivores, herbivory rates, and seagrass growth (Paper III), suggesting the presence of a positive feedback that promotes stability. However, the mechanisms
behind this MPA effect are not yet clear. For instance, a stronger link between
herbivore abundance and herbivory rates could be caused by a generally higher
abundance of herbivorous fish. However, while MPAs had higher herbivorous
fish abundance than the reference sites, this difference was not significant. A
replication of this study including more MPAs and reference sites could potentially increase the statistical power and thus allow us to confirm this hypothesis.
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Studies including field experiments, e.g. by using exclusion cages, or by simulating herbivory through clipping, could also provide further insight into the mechanisms behind these results.
While this thesis provides new information regarding the potential of MPAs
to increase the seasonal stability of seagrass ecosystems, the results are based on
a one-year seasonal study. Ideally, similar studies should be carried out over
longer time periods (> 1 year) to account for potential differences between years
and to be able to draw more general conclusions.
Finally, regarding the potential of MPAs to protect seagrass beds from landuse disturbances, our results demonstrate that seagrasses seem to be influenced
by land-use regardless of protection, even though MPAs also affect seagrasses
(Paper IV). Seagrasses are known to be temporally dynamic in terms of species
composition (Duarte et al. 2006) and previous studies have shown that they may
alter their morphology in response to modified environmental conditions over
short time scales (Collier et al. 2012). Our results suggest that land-use impacts
were mainly caused by presence of agriculture, which may lead to increased nutrient- and sediment-rich runoff. Since runoff may greatly vary seasonally
(McClanahan 1988), further studies should investigate the potential seasonality
of the observed effects of land-use on seagrass species and trait composition.
Moreover, effects of land-use and MPAs on seagrass physiological traits (e.g.
growth rates) could also prove valuable by provide insight into the mechanism
through which seagrasses may be able to persist changes in environmental conditions.
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Sammanfattning (Svenska)

Sjögräsängar är mycket produktiva kustekosystem som upprätthåller en hög biologisk mångfald av
associerad fauna och flora. Ökande mänsklig påverkan i form av t ex övergödning, fiske och klimatförändringar hotar sjögräsekosystem och har redan lett till stora förluster av sjögräs världen
över. Marint områdesskydd (t ex marina reservat eller fiskefredade zoner) har blivit en av nyckelstrategierna för att förvalta kustekosystem och deras associerade resurser världen över och har ofta
visats vara framgångsrika i att skydda och stärka fiskpopulationer. Relativt få studier har däremot
utvärderat effekterna av marina skyddsområden på sjögräsekosystem, och det finns indikationer
på att skyddade områden möjligen inte till fullo lyckas skydda sjögräs, särskilt inte från störningar
som uppkommer utanför reservatsgränser (som t ex övergödning från jordbruk och urbana miljöer
via landavrinning). Mot denna bakgrund syftar denna avhandling till att undersöka direkta och
indirekta effekter (genererade av biologiska interaktioner) av marina skyddsområden för tropiska
sjögräsängar, associerade organismer (särskilt fiskar) och ekosystemsprocesser (såsom herbivori).
Avhandlingen består av tre delar; först använde vi en 10 år lång tidsserie av sjögräsdata från ett
skyddat område för att utvärdera temporala förändringar i sjögrästäckning och artsammansättning
i relation till förändringar i miljöförhållanden (Studie I). Därefter undersökte vi potentialen hos
skyddade områden att förbättra stabiliteten hos sjögräsekosystem över tid med hjälp av en 10 månaders fältstudie. Vi kartlade sjögräsassocierade fisksamhällen (Studie II) och uppskattade sjögrästillväxt och betningshastighet (Studie III) under tre olika säsonger, både inom skyddade och
oskyddade (fiskade) områden. Slutligen, för att utvärdera de simultana effekterna av skyddade områden och markanvändning på sjögräsekosystem, undersökte vi sammansättningen av sjögräsarter
och egenskaper inom myndighetskontrollerade marina nationalparker, lokalt förvaltade fiskefrednings-områden och oskyddade områden (Studie IV).
Den undersökta sjögräsängen i Studie I visade en hög tidsmässig och rumslig variation, med
en minskning i täckningsgrad och förändring i artsammansättning över tid, följd av en period av
återhämtning. De observerade förändringarna kunde inte starkt kopplas till någon av de klimateller tidvattenvariabler som undersöktes, vilket tyder på att potentiella orsaker till nedgången kan
ha uppkommit utanför det skyddade områdets gränser. Resultaten från den säsongsbaserade fältstudien visade att skyddade områden ökade stabiliteten hos sjögräsassocierade fisksamhällen över
tid, särskilt för juvenil fisk (Studie II). Studien visade också på en positiv koppling mellan betande
fisk, betestryck och tillväxt hos sjögräs (Studie III), vilket tyder på marina skyddsområden skulle
kunna ha en positiv återkoppling som främjar ekosystemens stabilitet. Slutligen föreföll skyddade
områden påverka artsammansättning men också egenskaper hos sjögräs (genom att gynna stresskänsligare arter), men föreföll inte lyckas skydda sjögräset från effekter av landanvändning, där
sjögräset visade liknande förändringar i art- och egenskapskomposition såväl inom som utanför
skyddade områden (Studie IV). Baserat på ovan nämnda resultat bidrar avhandlingen till en växande litteratur som indikerar att skyddade områden allena troligtvis inte är tillräckliga för att skydda
sjögräsekosystem, och att förbättrade förvaltningsstrategier kan vara nödvändiga för att bevara
dessa viktiga kusthabitat.
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Resumen (Español)

Las praderas marinas son ecosistemas altamente productivos que sostienen una rica y diversa fauna
y flora. El incremento de las presiones de origen antropogénico amenaza estos ecosistemas y ya ha
dado lugar a grandes pérdidas de pastos marinos en todo el mundo. Las Áreas Marinas Protegidas
(AMP) se han convertido en una de las estrategias clave para la gestión de los ecosistemas y recursos
costeros. A pesar de que su éxito en la protección de ecosistemas marinos se ha demostrado a
menudo, relativamente pocos estudios han evaluado los efectos de las AMP sobre las praderas
marinas y hay indicios de que pueden no ser capaces de proteger completamente las hierbas marinas, especialmente de perturbaciones que se originen fuera de sus límites. En este contexto, esta
tesis tiene como objetivo investigar los efectos directos e indirectos (aquellos mediados por interacciones bióticas) de las AMP sobre las praderas marinas tropicales, las comunidades de peces
asociadas y los procesos de ecosistema.
La tesis consta de tres partes. Primero, utilizamos 10 años de datos de monitoreo de pastos
marinos dentro de una AMP para evaluar la variabilidad temporal en la cobertura y la composición
de especies de pastos marinos en relación con cambios en las condiciones ambientales (Artículo
I). En segundo lugar, investigamos el potencial de las AMP para mejorar la estabilidad temporal de
los ecosistemas de pastos marinos mediante un estudio de campo de 10 meses donde examinamos
las comunidades de peces asociadas a pastos marinos (Artículo II) y estimamos las tasas de crecimiento y herbivoría de pastos marinos (Artículo III) durante tres estaciones diferentes en AMP y
sitios no protegidos. Finalmente, para evaluar los efectos de las AMP y el uso de suelo en los
ecosistemas de pastos marinos, examinamos la composición de especies y rasgos de pastos marinos
en AMP administradas por el gobierno, AMP administradas por la comunidad y sitios no protegidos (Artículo IV).
La pradera marina monitoreada en el Artículo I mostró una alta variabilidad temporal y espacial, con un declive en la cobertura y cambios en la composición de especies, seguido por un periodo de recuperación. Este patrón no pudo asociarse con ninguna de las variables climáticas y de
mareas consideradas, lo que sugiere que los posibles factores que causaron el declive pueden haberse originado fuera de los límites de la AMP. Los resultados del estudio de campo mostraron
que las AMP aumentaron la estabilidad temporal de las comunidades de peces asociadas a los pastos marinos, particularmente de peces juveniles (Artículo II), y fortalecieron un vínculo positivo
entre peces herbívoros, tasas de herbivoría y tasas de crecimiento de pastos marinos (Artículo III),
sugiriendo la presencia de una retroalimentación positiva que promueve la estabilidad. Finalmente,
las AMP afectaron la composición de especies y rasgos de los pastos marinos (seleccionando especies más sensibles al estrés) pero no parece que fueran capaces de proteger las hierbas marinas
de los efectos del uso de suelo, con pastos marinos mostrando cambios similares en la composición
de especies y rasgos dentro y fuera de las AMP (Artículo IV). Teniendo en cuenta estos resultados,
esta tesis construye sobre una creciente literatura que indica que las AMP por sí solas pueden no
ser suficientes para proteger los ecosistemas de pastos marinos y que puede ser necesario mejorar
las estrategias de gestión para preservar estos importantes hábitats costeros.
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