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ARTICLE INFO ABSTRACT

Keywords: Seagrasses provide a wide range of services including food provision, water purification and coastal protection.
Coastal Pacific small island developing states (PSIDS) have limited natural resources, challenging economies and a need
Pollution

for marine science research. Seagrasses occur in eleven PSIDS and nations are likely to benefit in different ways
depending on habitat health, habitat cover and location, and species presence. Globally seagrass habitats are
Restoration declining as a result of anthropogenic impacts including climate change and in PSIDS pressure on already
Policy stressed coastal ecosystems, will likely threaten seagrass survival particularly close to expanding urban settle-
PSIDS ments. Improved coastal and urban planning at local, national and regional scales is needed to reduce human
impacts on vulnerable coastal areas. Research is required to generate knowledge-based solutions to support
effective coastal management and protection of the existing seagrass habitats, including strenghened doc-
umentation the socio-economic and environmental services they provide. For PSIDS, protection of seagrass
service benefits requires six priority actions: seagrass habitat mapping, regulation of coastal and upstream de-
velopment, identification of specific threats at vulnerable locations, a critique of cost-effective restoration op-

Blue carbon
Human health

tions, research devoted to seagrass studies and more explicit policy development.

1. Introduction

Pacific small island developing states (PSIDS) are independent is-
land nations with large oceans, limited natural resources and challen-
ging economies (Michalena and Hills, 2018). PSIDS form a recognised
Pacific Island collective group for addressing regional sustainable de-
velopment (Manoa, 2015) but they are known to require marine science
information (Salpin et al., 2018).

Globally, marine seagrasses are in decline primarily as a result of
anthropogenic impacts, including climate change and further losses are
anticipated (Waycott et al., 2009; Grech et al., 2012; Short et al., 2016).
In the Indo-Pacific many seagrass habitats are considered to be rela-
tively healthy (Moseby et al., 2020) but potentially threatened by in-
creasing human-related pressures on coastal ecosystems via land-based
threats and climate change (Brodie and N'Yeurt, 2018), with Pacific
Island seagrasses following the Western Pacific trend documented by
Short et al. (2014). Increasing populations and urbanization may
threaten PSIDS seagrass survival in rapidly expanding densely-popu-
lated urban areas where subsistence fishing may be vital for low-income
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households (Brodie et al., 2020). Additionally, seagrass carbon storage
can persist for millennia (Fourqurean et al., 2012; Howard et al., 2014)
making seagrass habitat one of the planet's most efficient natural
carbon capture and storage (CCS) mechanisms.

Seagrasses occur in 11 of the 14 PSIDS, namely Papua New Guinea
(PNG), Solomon Islands, Vanuatu, Palau, Kiribati, Samoa, Fiji, Tonga,
Tuvalu, Federated States of Micronesia and the Republic of the Marshall
Islands while seagrass is unreported from Nauru, Niue and the Cook
Islands (Fig. 1). Within these eleven PSIDS with seagrasses, species
richness per nation ranges from 1 to 13 depending on island size, to-
pography and distance from the Indo-Pacific centre of biodiversity.
Richness has its highest levels in PNG and Vanuatu (13 taxa) followed
by the Solomon Islands and the Federated States of Micronesia (10).

In the Pacific Islands humans are an integral part of the ecosystems
they manage and this concept is fundamentally crucial if coastal sea-
grass habitats are to be effectively managed and conserved in a way
that is sustainable for the habitat and the human populations that de-
pend on them (Grantham et al., 2011; Hills et al., 2013).

This paper summarizes knowledge of seagrass and seagrass habitats
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Fig. 1. Map of the Pacific region showing the locations of the 14 Pacific Island Developing States (PSIDS) with seagrass species richness indicated in red. Zero (0)
indicates no seagrass recorded. Base map used with permission of CartoGIS Services, Colleage of Asia and the Pacific, Australian National University. (For inter-

pretation of the references to colour in this figure legend, the reader is referre

in PSIDS to identify knowledge gaps and establish priority actions for
conserving seagrass and to strengthen resilience to the impacts of cli-
mate change. PSIDS need this information to develop solutions to ef-
fectively manage their coastal marine resources.

2. Seagrass benefit value and implications of seagrass loss or
degradation for human livelihoods

Seagrass habitats are considered one of the world's most valuable
and widespread natural ecosystems providing a broad range of bene-
ficial services such as food provision, coastal protection, water filtra-
tion, pathogen reduction and climate change mitigation (Christianen
et al., 2013; Laffoley, 2013; Cullen-Unsworth and Unsworth, 2013;
Cullen-Unsworth et al., 2013; Gullstrom et al., 2017; Lamb et al., 2017;
Mtwana Nordlund et al., 2016; Nordlund et al., 2017b, 2017a). The
larger Melanesian countries of PNG, Solomon Islands, Vanuatu, New
Caledonia, and Fiji with greater diversity of seagrass species can also be
expected to have a wide breadth of services. However, services pro-
vided by a single species of seagrass, such as in Kiribati, are still im-
portant (Brodie et al., 2020). The genera Enhalus and Thalassia, found in
5 and 7 PSIDS respectively (Table 1) have 19 and 20 recorded eco-
systems services in the tropical Indo-Pacific and are the only two genera
recorded to provide raw material for weaving or construction (Table 2).

However, these valuable services are at risk as an estimated 29% of
global seagrass area has been lost since the year 1879 (Tan et al., 2020).
This is significant to community livelihoods as tropical seagrasses
contribute significantly to the health, welfare and daily livelihoods of
the majority of people living near coastlines, particularly in developing
countries (Sale et al., 2014; Saunders et al., 2014).

National reports on marine ecosystem service values in PSIDS

d to the web version of this article.)

acknowledge the value of seagrass through ecosystem service provision
(Gonzalez et al., 2015; Arena et al., 2015; Pascal et al., 2015; Salcone
et al., 2015; Rouatu et al., 2015). Melanesian seagrass habitats for ex-
ample have had their services valued at an estimated 151.4 billion
$USD (Hoegh-Guldberg and Ridgway, 2016) with long-term carbon
sequestration alone estimated at approximately 760 US$/ha/yr
(Gonzalez et al., 2015).

Seagrass habitats in the tropical Indo-Pacific are reported to provide
at least 24 different ecosystem services (Mtwana Nordlund et al., 2016)
and five of these are considered to require further study; use of seagrass
for compost fertilizer, the role of seagrass in geomorphology, seagrass
as food for animals, the use of seagrass for cultural artifacts and spiri-
tual value (Table 2). In Fiji, seagrasses are used for roofing, basket
weaving and sinnet (braided cordage) Tuiwawa et al. (2014). In addi-
tion to these benefits, mixed species seagrass habitats in Indonesia have
been shown to provide a significant health service by reducing potential
human, coral and fish pathogens in the coastal environment by 50%
(Lamb et al., 2017).

Many important Pacific Island capture-fisheries species have close
associations with seagrass habitats, either as a food source (e.g. lobsters
Panulirus spp.) or as a preferred habitat, particularly during the juvenile
stages (e.g. rabbit fish Siganus spp.) (Verweij et al., 2008; Lee et al.,
2018). For example in Fiji, 8 of the 44 species highlighted as significant
fisheries resources have a specific link to seagrass, while others are
linked to estuarine habitats within which seagrasses are likely to occur.
Reduction of coastal fisheries productivity (subsistence and commer-
cial) weakens human food security and health (Baker et al., 2015), and
reduces income and physical activity for women gleaning in nearshore
coastal environments, such as seagrass habitat (Bell et al., 2009;
Pratchett et al., 2011). In several PSIDS, such as Tonga, Solomon Islands
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Seagrass species recorded from the 11 PSIDS that have known seagrass occurrence. “Y” = yes and * indicates PSIDS with records of the subspecies Halophila ovalis

bullosa.

Reference sources: Brodie et al. (2020), Brouns and Heijs (1985), Ellison (2009), Fenner (2019), McKenzie and Yoshida (2017), Moritz et al. (2018), Sauni (1998),
Skelton and South (2014), Stone et al. (2019), Tsuda and Sukhraj (2016), Tuiwawa et al. (2014), Victor and Wenty-Oldiais (n.d.), and Waycott et al. (2011).

Fiji FSM Kiribati Palau PNG RMI Samoa Solomon Is. Tonga Tuvalu Vanuatu No. PSIDS
Seagrass species
Cymodocea rotundata Y Y Y Y Y Y 6
Cymodocea serrulata Y Y Y Y Y 5
Halodule uninervis Y Y Y Y Y Y Y 7
Halodule pinifolia Y Y Y Y Y Y 6
Syringodium isoetifolium Y Y Y Y Y Y Y Y Y 9
Thalassodendron ciliatum Y Y Y Y Y 5
Ruppia maritima Y Y 2
Enhalus acoroides Y Y Y Y Y 5
Halophila capricorni Y 1
Halophila decipiens Y Y Y Y Y 5
Halophila gaudichaudii Y 1
Halophila minor Y Y Y Y Y 5
Halophila ovalis Y* Y Y Y Y* Y Y* Y 8
Halophila sinulosa Y 1
Thalassia hemprichii Y Y Y Y Y Y 7

5 10 1 10 13 3 3 10 4 1 13

and PNG, targeted species within cucumber fisheries (Charan-Dixon,
2016; Schwarz et al., 2009; Hair et al., 2016) are linked to seagrass as
adults or reliant on seagrass during their early-life history stages
(Friedman et al., 2011; Eriksson et al., 2012).

Seagrasses also have the ability to partially mitigate local increases
in dissolved carbon dioxide due to their high below-ground biomass
which effectively traps and buries organic carbon for thousands of years
(Russell et al., 2013; Howard et al., 2014; Macreadie et al., 2014).
Seagrass detritus-carbon contained in sediments exceeds that stored in
living plants by about threefold (Cebrian and Duarte, 1995). Carbon
storage by seagrasses varies depends on: the ratio of above ground and
below ground plant biomass; the level of sediment bioturbation; the
level of nutrients present and the oxygenation of the sediment (Fig. 2).
Nearer to the surface oxic and anoxic pockets co-occur with sediments
becoming more anoxic with depth (Yarbro and Carlson, 2008;
Trevathan-Tackett et al., 2017). The ratio of below- to above-ground
biomass, bioturbation, nutrient inputs, O, content, the physical and
biological characteristics of increasingly anoxic systems all influence
carbon storage and the process of sequestration (net carbon uptake

Table 2

exceeds carbon release). Most importantly, underground carbon storage
by seagrass needs to be estimated to form a complete picture of the
value of blue carbon as an ecosystem service (Arena et al., 2015). To
understand the total amount of carbon stored it is necessary to know the
depth of the organic rich soil layer and the carbon density of the soil
(Sifleet et al., 2011). The carbon sequestration rate of seagrasses varies
by extent and geographic distribution but seagrasses have been esti-
mated to account for ~70% of the total soil carbon stocks (Serrano
et al., 2019).

Seagrasses transport oxygen into the sediments creating a complex
environment with an oxic layer overlying anoxic sediments. Intertidal
areas and coastal wetlands have anaerobic soils without oxygen and
thus carbon-rich organic material decomposes very slowly (Howard
et al., 2014), with low carbon turnover rate and high organic carbon
accumulation. Some other marine plants such as macroalgae (seaweed)
have no underground root systems to promote long-term carbon storage
and therefore in comparison have relatively higher carbon turnover
rates (Duarte et al., 2013). Exposing underlying sediments in coastal
wetlands to air, via human disturbance, with the associated carbon

Knowledge gaps for twenty-four ecosystem services provided by seagrass genera in the tropical Indo-Pacific (adapted from Mtwana Nordlund et al., 2016). Question
marks in bold indicate knowledge gaps for genera relatively wide spread in PSIDS. * indicates an ecosystem service with a relatively high number of knowledge gaps
where data is required. Key: A. compost fertilizer, B. fish habitat, C. human food, D. food from seagrass associated species, E. invertebrate habitat, F: nursery
(juvenile habitat) G. raw materials, H. vertebrate habitat including birds, I. carbon sequestration, J. coastal protection, K. geomorphology, L. sediment accreation,
M. sediment stabilization, N. animal food, O. mariculture (as a substrate), P. seagrasses as food for animals, Q. water purification, R. bequest value, S. cultural
artifacts, T. education, U. recreation, V. research, W. spiritual values, X. tourism. Table notation: 1 = service present, 0 = service absent, ? = unknown, } adding

error in Mtwana Nordlund et al., 2016.

Seagrass genus Ecosystem services

A* B C D E F G H 1 J K* L M N (6] p* Q R S* T 18] v w* X Total
Halophila ? 1 0 1 1 1 0 1 1 0 0 1 1 1 ? 1 1 1 ? 1 1 1 ? 1 16
Ruppia 0 1 0 0 1 1 o0 1 1 0 ? 1 0 1 o ? 1 1 2 1 1 1 ? 1 13
Halodule 0 1 0 1 1 1 0 1 1?2 1 1 1 ? ? 1 1 2 1 1 1 ? 1 15
Syringodium ? 1 1 1 1 1 0 1 1 ? ? 1 1 1 1 ? 1 1 ? 1 1 1 ? 1 17
Thalassodendron ? 1 0 1 1 1 2 1 1 1 ? 1 1 1 ? ? 1 1 ? 1 1 1 ? 1 16
Cymodocea 1 1 0 1 1 1 0 1 1 1 2 1 1 1 1 ? 1 1 2 1 1 1 ? 1 18
Thalassia 1 1 1 1 1 1 1 1 1 1 ? 1 1 1 1 ? 1 1 ? 1 1 1 ? 1 20
Zostera 0 1 0 1 1 1 0 1 1 1 ? 1 1 1 1 ? 1 1 ? 1 1 1 ? ? 167
Enhalus ? 1 1 1 1 1 1 1 1 1 2 1 1 1 1 ? 1 1 ? 1 1 1 ? 1 19
Total genera 2 9 3 8 9 9 2 9 9 5 0 9 8 9 5 1 9 9 0 9 9 9 0 8
(confirmed to provide service)
Total unknown 4+ o 0 o0 o0 o0 1 o 0 2 8 0 O o 3 8 0 0 9 0 0 0 9* 1

(data required)
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dioxide release, is a serious environmental issue as the ongoing loss of
seagrass habitat releases an estimated 299 TG C annually, unaccounted
for in global carbon budgets (Fourqurean et al., 2012).

3. Seagrasses occurrence and national resource quantification in
PSIDS

Seagrasses occur in 11 PSIDS with seagrass unreported in Nauru,
Niue and the Cook Islands (Fig. 1). Seagrass is recorded in Tuvalu
(Sauni, 1998; Hisabayashi et al., 2018) but seagrasses are not men-
tioned in relevant marine survey reports (Job and Ceccarelli, 2011;
Ceccarelli, 2019) possibly indicating low density, habitat loss or patchy
spatial variability.

Seagrass area coverage is poor or not documented for many PSIDS
therefore the extent of any loss or gain at a national or regional level
cannot currently be determined or even reliably estimated. Clear and
explicit documentation of seagrass area cover is urgently needed in
PSIDS. The lack of baseline mapping of the extent of seagrass habitat
across PSIDS also creates a considerable risk that the importance of
seagrass may be considerably under-estimated and under-valued.
Effective methods for mapping coastal habitats exist (e.g. Howard et al.,
2014; Roelfsema et al., 2014; Gumusay et al., 2019) however mapping
seagrass by remote sensing requires ground truthing and can be difficult
because seagrasses are often submerged in turbid water and algal epi-
phytes may confuse spectral signatures. A knowledge of the extent of
natural change is also needed (McKenzie, 2003). High resolution sa-
tellite imagery, as used by Chand (2019) in Suva Harbour, may not be
cost effective at a national scale. Accurate quantification of seagrass,
and associated carbon stocks, and their fluctuations in tropical Oceania
is required to assess “blue carbon” trading financial flows and to inform
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Fig. 2. Coastal ecosystem assemblage showing the generalised location of seagrass habitat. The four graphs describe the relationship between seagrass carbon storage
and physical and biological characteristics of the environment namely (i) below-to above-ground seagrass biomass ratio, (ii) bioturbation level, (iii) nutrient inputs
and (iv) oxygen (O, content. Note that all four of these parameters are expected to change with sediment depth.
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seagrass protection and management (Lavery et al., 2013; Gallagher,
2017).

In the Pacific Islands, only the non-independent nations of Palau
(NOAA, 2007) and two French Territories of the Pacific, New Caledonia
(Payri et al., 2019) and Wallis and Futuna (Hily et al., 2010), have
reliable national estimates of seagrass area coverage and seagrasses are
a data-poor habitat type for marine spatial planning in the southwest
Pacific (Beger et al., 2020). The nation-based seagrass area cover esti-
mates provided in Waycott et al. (2011) should be treated with caution
as seagrass cover estimates for Fiji are illogically low (Mangubhai et al.,
2019).

Eco-region seagrass mapping using Landsat imagery and remote
sensing techniques have been used for MPA design in the Coral
Triangle, which includes western PSIDS (Torres-Pulliza et al., 2013)
while community-based projects and organisations, focused primarily
in Melanesia (e.g. Solomon Islands, PNG, Vanuatu and Fiji), have un-
dertaken local site-based mapping (Koshy, 2001; McKenzie et al., 2006;
McKenzie et al., 2007; McKenzie and Yoshida, 2017; Roelfsema et al.,
2013; Singh et al., 2019a; Chand, 2019) however documenting national
seagrass habitat throughout the PSIDS is not yet achieved. Published
surveys are needed to describe the extent of seagrass area cover, the
extent of seasonal variation and seagrass occurrence by species.

Fourteen species of seagrass and one subspecies are reported from
the tropical Pacific region (Ellison, 2009; Waycott et al., 2011). Two
species of seagrass Syringodium isoetifolium and Halophila ovalis are
widespread across more than eight PSIDS where seagrass is reported
(Table 1). The atoll states of Kiribati and Tuvalu report only one sea-
grass species each, Thalassia hemprichii and Syringodium isoetifolium re-
spectively, while only one seagrass species, Syringodium isoetifolium, is
reported from isolated island of Rotuma (politically part of Fiji) which
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lies 588 km south of Tuvalu (N'Yeurt, 1996). Based on morphology, a
subspecies of Halophila ovalis (ssp. bullosa) is recorded from Fiji, Samoa
and Tonga (Tuiwawa et al., 2014; Skelton and South, 2014). Recent
molecular analysis, combined with morphology, of this subspecies in
Fiji (Singh et al., 2019b) has provided a strengthened understanding of
taxonomic identity however additional sampling is needed. Thalassia
hemprichii was reported from Fiji by Littler and Littler (2003) but this
record has not yet been botanically verified through voucher speci-
mens.

4. Human disturbance and catchment management impacts on
seagrasses

Although some major seagrass loss in PSIDS can be attributed to
natural disasters (e.g. Moseby et al., 2020) the overall immediate threat
(disturbances) to seagrass habitat in the Pacific Islands follows global
trends, and are anthropogenic (Brodie and N'Yeurt, 2018). With sea-
grass habitat loss or change usually correlated to light reduction, eu-
trophication, sediment increase or direct physical disturbance
(Unsworth et al., 2015). These stressors result from poor catchment
management practices (including land runoff and nutrient loads), poor
coastal infrastructure regulation and lack of urban planning, and are
localised and under national government or land owner control so can
be managed in country. Coastal flooding, siltation and a lack of water
clarity for example, are much more likely once forest or other vegeta-
tion cover has been removed from water catchments. Lagoon and
coastal water quality studies in the PSIDS region e.g. Mosley and
Aalbersberg, 2003Albert et al. (2014), need to be encouraged and in-
clude a strong focus on seagrasses habitats.

In Fiji, the main threats to seagrass habitat are considered to be:
sediment and nutrient runoff from human-altered water catchments
(via agriculture, forestry, and mining); residential, industrial, and
tourism development; improper disposal of waste; sewage pollution;
coastal erosion; storm surge and flooding (McKenzie and Yoshida,
2010; Mangubhai et al., 2019). Around many coastal areas, in parti-
cular Nadi, the Coral Coast and the Mamanuca Islands, excavation of
channels for resort developments have disturbed and destroyed sea-
grass habitat, and led to water column turbidity (Mangubhai et al.,
2019). In Vanuatu, seagrasses have been shown to be in better condi-
tion in locations away from urban centres i.e., areas with lower nutrient
waste and with lower coastal development (CMEP, 2019, Lincoln et al.
this special volume). Similarly logging is a major threat to seagrass in
the Solomon Islands (McKenzie et al., 2006) and the impacts of logging
on coastal and freshwater fisheries and food security on the island of
Malaita in the Solomon Islands (Minter et al., 2018) where more than
50% of the Solomon Island seagrass is found (Moseby et al., 2020),
clearly demonstrates the serious impacts of land degradation on coastal
ecosystems and the imperative need for planning and catchment man-
agement as well as research data collection. There is a well-recognised
need for integrated management of coastal ecosystems including man-
agement of hydrologic flows, land use planning and nutrient manage-
ment while simultaneously managing whole ecosystem assemblages
(Guannel et al., 2016; Macreadie et al., 2017; Mcleod et al., 2019;
Mangubhai et al., 2019). Poor catchment management and unplanned
coastal development could reduce seagrass habitat resilience and lessen
adaptation to rising sea-levels (Montefalcone et al., 2011; Short et al.,
2011).

Studies on the impacts of land degradation in the Pacific Islands
(Wairiu, 2017) show how extensive and serious the nature of de-
gradation is. Nature-based solutions would provide multiple benefits for
communities and sustainable development stakeholders (Rao et al.,
2013) however regulations, and compliance with regulations, particu-
larly in rapidly expanding urban areas is often weak. Land-based log-
ging and pollution in PSIDS includes poorly regulated catchment
management practices (Albert et al., 2014; Mangubhai et al., 2019).
Eutrophication of coastal systems is considered a growing problem in
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the Pacific (Jonge et al., 2002; Fujita et al., 2013; N'Yeurt and Iese,
2015; Andréfouét et al., 2017). Grech et al. (2012) compared anthro-
pogenic threats to seagrass across bio-regions, including the tropical
Indo-Pacific, and concluded that the current major threats to seagrasses
are based primarily on land and that seagrass management needs to
include watershed management and planning. Water clarity, sediment
type, nutrient availability and exposure to wave action are four major
factors influencing variability within seagrass habitats (Schwarz et al.,
2004; Waycott et al., 2011). Water clarity influences light availability
and different seagrass species vary in their ability to tolerate low light
intensities.

Although there is limited data of human disturbances impacting
directly on seagrass habitats within PSIDS, there are reports of seagrass
maintaining status in locations with low human population (e.g. Aioi
and Pollard, 1993) and reports of losses in more populated areas (e.g.
Vuki, 1994; Short et al., 2014). The human population of the most
populated PSIDS in Melanesia (e.g. PNG, Solomon Islands, Vanuatu) are
projected to almost double by the year 2050 (SPC, 2016), adding sig-
nificant anthropogenic pressures on already endangered coastal habi-
tats. In many PSIDS, the urban growth rate exceeds the national po-
pulation growth rate (Keen and Barbara, 2015) and population density
in Pacific urban areas is already among the highest in the world (United
Nations DESA, 2018). Increasing human population and associated
pressure on coastal ecosystems including seagrass habitat (Orth et al.,
2006) will challenge effective management of coastal resources in Pa-
cific Island developing countries particularly those like PNG, Solomon
Islands and Vanuatu with a combination of comparatively low GDP
(SPC, 2015), relatively low Human Development Indices (HDI) (UNDP,
2016) and relatively high human population growth rates (SPC, 2015).

5. Amplification of human impact on seagrasses by drivers of
climate change

Climatic and environmental conditions are changing in Pacific
Island countries (Australian Bureau of Meteorology and CSIRO, 2011,
2014; Kumar et al., 2013, 2014; Holland et al., 2019) and worldwide
(IPCC, 2018, 2019). The ocean is warming, storm surge and innunda-
tion are projected to increase by more than 1000 fold for many PSIDS,
and will combine with sea level rise and increased wave energy to
impact seagrass in the coming decades. This is particularly true in
coastal areas where nutrient availability and water temperature influ-
ence seagrass growth (Lee et al., 2007) and stimulate the growth of
algae (Mosley and Aalbersberg, 2003) including algal epiphytes on
seagrass blades, which in turn reduce light reaching seagrass (Burnell
et al., 2014).

There is strong consensus that climate change impacts will sig-
nificantly impact coastal habitats in the future (Hoegh-Guldberg et al.,
2007; Hadwen et al., 2011; IPCC, 2018, 2019; Brodie and N'Yeurt,
2018). While climate change in itself may not have an immediate im-
pact on seagrass habitats (Brouns, 1994; Takahashi et al., 2015), it is
expected to exacerbate direct anthropogenic impacts on seagrasses and
intertidal flats in the tropical Pacific (Waycott et al., 2011). Increased
ocean temperature, rainfall and more intense tropical storms and cy-
clones (Australian Bureau of Meteorology and CSIRO, 2014; CMEP,
2018; IPCC, 2018, 2019; Holland et al., 2019) are likely to contribute to
seagrass loss through direct physical damage, increased heat stress,
sedimentation and turbidity resulting from greater runoff and coastal
flooding. The overall impact on seagrass will be a loss of ecosystem
resilience and productivity and for seagrass habitats in PSIDS, and
specific drivers of climate change translate into a variety of responses
and influences as follows:

Carbon Dioxide and Ocean Acidification: Rising atmospheric carbon
dioxide levels have led to climate change and globally to a 26%
increase in ocean acidity over the last 200 years, with further drops
expected (IPCC 2014). Increased CO- levels are likely to lead to
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heightened seagrass physiological performance, with increased
photosynthetic activity (Brouns, 1994; Russell et al., 2013; Repolho
et al., 2017) however, the effects of long-term exposure to elevated
levels of carbon dioxide (CO5) on seagrass communities are poorly
understood (Takahashi et al., 2015). The studies of Takahashi et al.
(2015) indicate that higher CO, levels may further lower size-spe-
cific growth and alter species composition in tropical seagrass
communities.

Seawater Temperature: Between 1958 and 2018 the tropical Pacific
ocean, below 2000m, warmed more than 1°C with a corresponding
increase in recent heatwaves in the Western Pacific (Bindoff et al.,
2019; Cheng et al., 2019; Holland et al., 2019). Different seagrass
species show different thermal tolerances (Campbell et al., 2006;
Lee et al., 2007) but these topics have not been well studied in
PSIDS. In most tropical species, reductions in growth were seen at
higher temperatures (Short et al., 2016) and temperature extremes
are known to reduce seagrass growth and lead to mortality (Collier
and Waycott, 2014; Arias-Ortiz et al., 2018).

Sea-Level Rise: Sea level rise could fundamentally alter the sheltered
lagoon conditions where seagrass currently flourish (Saunders et al.,
2014). Current rates of sea level rise in the Western Pacific, e.g.
Solomon Islands, 6.85 mm per year is twice the global average
(PCCSP, 2014; Holland et al., 2019). Saunders et al., 2013 predicted
a 17% loss in seagrass area with a 1.1 m rise in sea-level by 2100.
Deepening of the water, resulting in lower light intensity and pho-
tosynthetic productivity, could be compensated by a landward mi-
gration of the seagrass community, if extensive shallow mudflats are
present (Short et al., 2016). However, in areas of strong coastal
development, man-made structures and land reclamation could in-
hibit landward migration of seagrass and similar habitats (Dugan
et al., 2011).

Rainfall: In the Pacific Islands, rainfall extremes, including both
droughts and flooding events, are rising (PCCSP, 2014). The pro-
jected increase in extreme El Nifio events argues for increased
rainfall variability and resulting extremes (Collins et al., 2019).
Rainfall and associated land run off, will result in lowered light le-
vels (increased turbidity) and lower salinity levels and this will have
a significant impact on coastal environments such as seagrasses
habitat (Petus et al., 2016). This element alone builds the case for
improving land management in order to strengthen climate change
resilience.

Interacting Factors: A future increase in CO, could increase the
photosynthetic pigments in seagrasses, which may not counteract
the deleterious effects of increased water temperature on growth as
a result of unequivocal global warming (PCCSP, 2014). The dele-
terious balance may lead to a net decrease in seagrass cover, espe-
cially in warm tropical areas. Increases in algal epiphytes, driven by
rising nutrient levels, higher water temperatures and elevated tur-
bidity levels will reduce the light intensity required for photo-
synthesis reaching seagrass leaves resulting in reduced seagrass
habitat health or potential loss in the long term (Burnell et al.,
2014). The presence of herbivores will also influence seagrasses
under these conditions (Campbell et al., 2018).

Taylor et al. (2013) predicted that changes to climate variables
could have far reaching consequences for local seagrass and that the
management of seagrass habitat in relatively small island areas should
be focused on reducing any anthropogenic impacts to seagrass to ensure
high resilience levels and the best possible chance of mitigating the
predicted impacts of climate change.

6. Seagrass restoration as an option for resilience building
Recent reviews indicate that many seagrass restoration programs

are unsuccessful and often come at high cost (Statton et al., 2017).
Factors that drive up the cost of seagrass transplantations are addressed
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by Calumpong and Fronseca (2001) with the highest factor being poor
site selection. Costs associated with field aspects of seagrass restoration
could be reduced by engaging citizen science or volunteers (Tan et al.,
2020). Restoration efforts should only be considered in locations where
the original stressors resulting in seagrass habitat loss or degradation
have been substantially reduced. Seagrass rehabilitation or restoration
through seeding (Orth et al., 2006) and transplantation of seedlings
(Van Katwijk et al., 2009; McSkimming et al., 2016) are possible op-
tions for restoring seagrass habitat however, restocking of seagrass
habitats using seedlings or seeds may not be a cost effective or a suc-
cessful disturbance recovery strategy as life stage survival can depend
on many different factors including sediment type, habitat depth, spe-
cies, seed density and the ability to obtain enough viable seed (Rasheed
et al., 2014; Statton et al., 2017). To our knowledge, direct regenerative
measures to transplant and restore seagrass and seagrass habitats in
PSIDS have occurred only in Kiribati via transplanting (Peter, pers.
comm). No research has yet been published directly on (1) if current
environmental conditions would support successful restorations, (2) if
there are restocking needs in the Pacific Islands or (3) the availability of
seagrass seed stocks in PSIDS.

Recovery of disturbed seagrass communities has been studied in
tropical Australia (Birch and Birch, 1984; Preen et al., 1995; Campbell
and McKenzie, 2004; Rasheed et al., 2014) and shown that seagrass
recovery varies with species and tidal location, and that sexual re-
production is most likely required for recovery from larger disturbances
(Taylor et al., 2013). Macreadie et al. (2015) determined that sea-
grasses required more than 50 years of recovery after seismological
disturbance.

Limited understanding of the reproductive cycles of seagrass in
PSIDS restricts the effective implementation of mitigation strategies
such as the regeneration of seagrass habitats directly from seeds. In
neighbouring developed countries there is a growing emphasis on seed-
based restoration because of the lower impact on existing seagrass
habitats (Tan et al., 2020). McMillan (1982) looked at the reproductive
physiology of tropical seagrasses while Inglis (1999) and Orth et al.
(2007) examined variation in the recruitment behaviour of seagrass
seeds and the ecology of seagrass seeds and seagrass dispersal processes
respectively. More recent work on the seagrass Zostera marina in China
(Xu et al., 2016) highlighted the fact that both seed germination and
seedling growth were variably impacted by salinity levels, pointing to
the complications of increasing freshwater runoffs driven by climate
change. Unfortunately, there are yet no published studies focused on
seagrass seed dispersal or seed ecology, or on potential transplanting of
seagrass from healthly donor habitats, in any PSIDS.

7. Seagrass research, monitoring and local capacity building

Given their relative service benefit importance, there is inadequate
research activity and research funding (and resulting peer-reviewed
publications) focused on seagrass in the 11 Pacific SIDS where sea-
grasses occur. This knowledge gap creates imbalance as seagrass, coral
reefs and mangroves must be managed together and holistically to
protect coastal integrity (Guannel et al., 2016, Unsworth et al. (2018).
The global paucity of ocean research (Valdés, 2017) is amplified for
PSIDS with limited resources to investigate and monitor vast ocean
spaces. Seagrass habitat particularly in Tonga, Tuvalu and Kiribati
(Fakatava et al., 2000; Tebano, 2004; Awira et al., 2008; Brodie et al.,
2020; Stone et al., 2019) remains under-studied and under-valued.
Seagrass related data gaps for Kiribati were recently identified as:
seagrass occurence (area cover) seagrass links to pollution and water
quality, human health, nearshore fisheries, threatened species and
traditional knowledge (Brodie et al., 2020). These research needs are
similar in the wider PSIDS context, with seagrass research data parti-
cularly lacking in the areas of habitat mapping, seasonal variation,
land-based pollution, integrated land use and catchment management
planning, blue carbon storage/turnover, habitat restoration, economic
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and ecosystems benefits (including coastal fisheries), coastal protection
and the role of keystone fauna in sustaining quality ecosystem function.

Building research and monitoring capacity on seagrass and seagrass
habitat is also needed, particularly in the 11 PSIDS where seagrasses
occur. Seagrass monitoring training has been successful via Seagrass-
Watch in collaboration with community conservation organisations e.g.
Vanuatu Environmental Science Society (VESS). Seagrass-related
fieldwork for post graduate students at the University of the South
Pacific has occurred over many years and SeagrassNet monitoring has
been undertaken primarily by WWF-South Pacific, who also commis-
sioned the valuation of seagrass habitat in Melanesia (Hoegh-Guldberg
and Ridgway, 2016). Cullen-Unsworth et al. (2013) used a Fijian case
study to examine seagrass meadows as a coupled social-ecological
system, connecting seagrass habitat to human well-being and identified
that a knowledge gap exists for dedicated detailed studies connecting
seagrass to human benefits.

Seagrass monitoring and conservation of coastal seagrass areas in
PSIDS are included in several relatively small but significant near-shore
community-based projects. For example the Tetepare Descendant
Association (TDA), in the western Province of the Solomon Islands has
conducted seagrass monitoring for over 10 years at 33 sites and woman
in the community participate in data collection (Moseby et al., 2020).
Similarly, the Ldje Rotuma Initiative (LRI) have monitored changes in
Rotuma's Maka Bay seagrass habitat for over 10 years (Fiu, pers.com)
and community networks such as the Locally Managed Marine Areas
(LMMA) network provide opportunities for local seagrass mapping.

In Vanuatu, PNG and the Solomon Islands, preserving seagrass ha-
bitat supports conservation of the Dugong dugon, which is classified as
vulnerable with a decreasing population trend (Marsh and Sobtzick,
2015). Dugongs are part of the traditional diet of several Pacific Island
communities and play important roles in cultural ceremonies (Butler
et al., 2012; Marsh and Sobtzick, 2015). The threatened green turtle
Chelonia mydas, which is wider spread in PSIDS than dugong, also feeds
on seagrass (Piovano et al., 2020) and has cultural importance parti-
cularly as a human food source.

Seagrass habitats often have a rich holothurian fauna (see Charan-
Dixon, 2016) that along with other less obvious infauna species such as
hemichordate worms (see King, 1986) maybe keystone species with
influence on sediment turnover, oxygenation and sediment production
(Reise, 2002; Lee et al., 2017) and their overharvesting or removal may
cause changes in sediments which could disrupt the ecosystem function
via reduced oxygenation and turnover of organic matter. Grazing of
above ground seagrass biomass will also contribute to carbon burial in
sediments (Macreadie et al., 2015). The density and burrowing depth of
seagrass-linked keystone infauna such as hemichordate worms or bi-
valves (Fig. 3A&B) and their bioturbation implications in respect to
ecosystem function and carbon turnover have not been well researched.

An estimate of the amount of carbon stored in PSIDS seagrass ha-
bitat is unknown and this is an obvious area where more research is
needed. Methodology for calculating carbon storage for seagrasses re-
quires further dialogue in PSIDS as carbon inventory methodology is
complex, differs from that used for mangroves and requires regionally
and community-specific assessments of sequestration ability (Howard
et al., 2014; Howard et al., 2017). The lack of analysis of sediment
carbon and seagrass coverage data at the national level in PSIDS makes
estimates of carbon presence and storage very difficult and the role of
many organisms that release CO, during calcification should not be
ignored (Howard et al., 2017).

8. Inclusion of seagrasses in regional and national ocean policy

There is strong recognition in the importance of marine ecosystems
in policy. The Convention on Biological Diversity multilateral treaty
and associated Aichi Targets recognise marine systems and the need for
protection. Agenda 2030 and the Sustainable Development Goals in-
clude Target 14.2 which aims to sustainably manage and protect marine
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Fig. 3. A. Evidence of bioturbation by high density of burrowing hemichordate
worms (indicated by excreted sediment deposits on sediment surface) within a
seagrass habitat. B. Seagrass associated bivalve, arkshell Anadara (important
human food source) which burrows within the soft sediment.

Photo credits: Taken by G. Brodie in Fiji.

and coastal ecosystems to avoid significant adverse impacts by 2020.
For SIDS, the Accelerated Modalities of Action Pathway (SAMOA
Pathway; UN General Assembly, 2014) recognises the criticality of
“healthy, productive and resilient oceans and coasts” (Article 53). In
addition, regional policies such as PIROP (2002) and Framework for a
Pacific Oceanspace (FPO, 2012) recognise the need for “sustainable
development, management and conservation of our Ocean” (FPO,
2012). However, implicit inclusion of seagrass under a broad banner of
marine ecosystems, has systematically failed to provide protection.
Most global indicators show a net deterioration in the structure (i.e.,
extent and physical condition) of natural ecosystems since 1970 of at
least 1% per decade, and indicators of coastal and shallow marine
ecosystems are already at low levels and are continuing to decline
particularly rapidly. Seagrass meadows lead these declines since 1970
of all identified global indicators of natural ecosystem structure iden-
tified in the Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services report (ISPPBES, 2019) entitled Global As-
sessment on Biodiversity and Ecosystem Services with a decadal rate of
decline of over 10% per decade. So, while “biodiversity is in crisis” with
well-established evidence indicating an irrevocable and continuing
decline of ecosystems at local and global scales (UNEP, 2019), seagrass
are at the forefront.

Seagrass habitats and their associated ecosystem services are often
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absent or marginalised in the policy landscape (Duarte, 2000; Coles
et al.,, 2011) and under-recognised and under-valued by many stake-
holders in the tropical Indo-Pacific particularly for their economic
commercial, artisanal and subsistence fisheries contributions as well as
for wider ecosystem services (Unsworth and Cullen, 2010, Coles et al.,
2011, Cullen-Unsworth et al., 2013; Van Keulen et al., 2018). To arrest
such declines there would seem to be a need to move away from im-
plicit inclusion of seagrass to more explicit recognition of its ecosystem
function and contribution to people at a relevant adminstrative scale
(national or provincial). National reports on marine ecosystem service
values in five PSIDS countries; Fiji (Gonzalez et al., 2015), Solomon
Islands (Arena et al., 2015), Vanuatu (Pascal et al., 2015), Tonga
(Salcone et al., 2015) and Kiribati (Rouatu et al., 2015) have for a first
time acknowledged and assessed the value of seagrasses through eco-
system service provision. However, further research is required to fully
appreciate the gamete and value of services provided by seagrass at a
national and sub-national level, such as mitigation of coastal hazards
(e.g. Arkema et al., 2017) and carbon sequestration (e.g. Murray et al.,
2011; Laffoley, 2013; Macreadie et al., 2015). A shift in research
priorities away from just ecological aspects and more towards economic
and social aspects and especially cultural values has also been proposed
(Ruiz-Frau et al., 2017). Once framed, this progressive understanding of
seagrass systems needs to be built into enhanced dialogue, policy re-
form process and decision-making at a national and sub-national level,
supported by unambiguous examples that decision makers and stake-
holders can relate to (Nordlund et al., 2017a, 2017b).

Funding in PSIDS is inadequate to support long-term seagrass re-
search and mapping at a national/regional level, thus our under-
standing of change dynamics in seagrass habitats will continue to be
limited. However, Hills et al. (2019) examined the disjuncture between
regional oceans policies and development assistance in PSIDS and
proposed improved targeting of investments aligned to national prio-
rities. Thus, raising the profile and appreciation of services rendered by
seagrass in PSIDS, may help with national prioritisation and sharper
targeting of investments to reduce the present rates of degradation.
Moving seagrass from its implicit inclusion in broad policies for sus-
tainable marine systems to more explicit and place-based inclusion in
national and provincial policy may be a necessary policy lens shift to
perpetuate its role in ecosystem service provision and contribution to
people.

9. Conclusions/recommended actions

Effective management of coastal seagrass habitat will significantly
address poverty and human well-being (Cullen-Unsworth et al., 2013).
Improving environmental health in PSIDS is vital for resilient seagrass
habitats to continue to provide benefits to communities in the face of
increasing anthropogenic threats (Brodie and N'Yeurt, 2018) and
challenges brought by climate change (PCCSP, 2014). Solutions to
improve management of seagrass habitat in PSIDS requires a focus on
anthropogenic elements that can be controlled at a national and com-
munity level and acknowledgement that marginalization of seagrasses
(Duarte et al., 2008, Coles et al., 2011) is a risk to human welfare and
livelihoods.

Seagrass habitats can provide significant services and health bene-
fits to humans, and to other coastal systems such as coral reefs. Nature-
based solutions and resilience based management (Rao et al., 2013;
Arkema et al., 2017) is required for coastal protection and maximiza-
tion of coastal carbon sequestration to mitigate climate change
(Unsworth et al., 2015; Guannel et al., 2016; Macreadie et al., 2017;
Mcleod et al., 2019). Research is needed to determine the applicability
of seagrass facts on the role of “blue” carbon in climate change miti-
gation discovered elsewhere, to a PSIDS scenario (e.g. Lawrence, 2012;
Vierros, 2017).

Given their relative socio-economic and ecosystem service im-
portance, there is inadequate research activity focused on seagrass
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habitat in the 11 Pacific SIDS where they occur i.e. PNG, Solomon
Islands, Vanuatu, Palau, Kiribati, Samoa, Fiji, Tonga, Tuvalu, Federated
States of Micronesia and the Republic of the Marshall Islands.

As highlighted by the The Global Ocean Science Report (2017) and
the United Nations Decade of Ocean Science for Sustainable
Development (2021 —2030), science is critical to the achievement of
the ocean-related Sustainable Development Goals (SDGs) and it is even
more important that the knowledge generated is used in policymaking
and decisions. Evidence-based decision making is critical for ocean
sustainability and to support grassroots community conservation efforts
and outcomes. In the PSIDS region there is a critical need for improved
inclusion of seagrass habitats in national and regional ocean policy
frameworks. Improved awareness, at all levels, of the importance of
conserving seagrass habitats and their high economic value as a coastal
ecosystem particularly in terms of blue carbon storage, coastal fisheries,
pathogen reduction and biodiversity value is vital. A concerted effort is
required by all stakeholders to better understand and communicate the
value of seagrasses and their services, and protection should be ac-
tioned through education and research training in partnership with
local communities and government stakeholders. Like all effective sci-
ence communication, the message must be both engaging and scienti-
fically accurate while being relevant to people's lifestyle.

In conclusion, based on our synthesis of available information, six
critical priority actions will substantually improve conservation of
seagrass habitat, strengthen habitat reslience to climate change and
enhance seagrass benefits to PSIDS:

1. Quantification and mapping of existing seagrass habitat at a na-
tional level and compilation of a spectral library for different sea-
grass species.

2. A national approach to reducing anthropogenic stressors on seagrass
habitat, such as increased urban planning to reduce unregulated
coastal and upstream development and incorporate protection of
seagrass habitat.

3. Identification of specific threats and vulnerable habitats/regions,
including the amplification of existing stressors by climate change.

4. Exploration of the cost and required expertise for considering re-
storation options. However, funding, time and effort should only be
considered in locations where the original stressors resulting in
seagrass habitat loss or degradation have been removed or threats
substantially addressed.

5. Support for seagrass related research, and postgraduate scholarships
to PSIDS nationals, on seagrasses in respect to mapping, pollution,
water quality, human health, blue carbon, coastal protection, tra-
ditional knowledge and coastal fisheries.

6. A shift from implicit inclusion of seagrass in sustainable marine
polices, to explicit inclusion of seagrass as a provider of ecosystem
services and contributor to the sociological, economic and cultural
integrity of Pacific peoples.

Implementing these priority actions will increase seagrass habitat
benefits i.e., food provision, coastal protection, water filtration, pa-
thogen reduction and climate change mitigation, in PSIDS and therefore
contribute to improved human livelihoods.
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