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Summary
The research presented here is a summary of what has been conducted by the University
of Hawai'i at Manoa and collaborators since 2014 on the mesophotic coral ecosystems (MCEs)
and shallow coral reefs of the Senyavin Islands (Pohnpei Island, and neighbouring atolls Ant
and Pakin) in the Federated States of Micronesia (FSM). Annual expeditions have revealed that
MCEs are biodiverse, dynamic environments that harbour new species to science (>25 spp.),
have species-specific depth distributions, and display remarkable resilience to daily and
seasonal fluctuations in temperature. At depths of ≥90 m the annual variability in temperature
was up to 20ºC. The strong El Niño event in 2016 and into 2017, extensive coral bleaching
occurred on the shallow reefs, with bloom-forming cyanobacteria and algae smothering the
reefs. We discovered that reef health could be determined by the depth transition between
scleractinians and gorgonians, further revealing areas for conservation management. Reef health
is also heavily influenced by the continuously growing marine resource exploitation and
terrestrial runoff. Furthermore, the $30 million international fishing industry and its associated
consequences are contributing towards the decline in health of Pohnpei reefs. The lush reefs of
previous times, therefore, are being replaced by barren reefs, smothered by invasive algae,
filamentous cyanobacteria, or crustose coralline algae at the atolls. Resource management
strategies developed by Pacific Island cultures over hundreds of generations face significant
challenges in the modern world. It is recommended to: 1) develop community-based
conservation strategies towards sustainable eco-tourism, which generates incentive and
alternative measures to prevent illegal fishing practices (as successfully demonstrated in
Indonesia, see www.misoolfoundation.org); these include local rangers, protection enforcement,
and local community education; 2) annual monitoring and research on specific reefs throughout
the Senyavin Islands from 0-150 m depth, and 3) a reduction to eventual ban of international
fisheries throughout the FSM. In summary, it is essential that local communities and the
government act now if the reefs of the Senyavin Islands are to recover and survive.
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Introduction
Mesophotic coral ecosystems (MCEs) from ca. 30–150 m depth (Hinderstein et al. 2010)
are one of the most diverse marine ecosystems on the planet. MCEs are characterized by strong
attenuation gradients in light, temperature, and wave action, and often, high nutrient deep-water
upwelling. Describing these dynamic ecosystems is extremely important. In particular, the
volcanic islands and atolls of the equatorial Pacific exhibit an increase in biodiversity and
persistence of forms that can be found nowhere else in the world.
Pohnpei Island (hereafter Pohnpei) is the largest of the FSM islands (Buden and
Taboroši 2016), as well as the principle island of Pohnpei State. Pohnpei and its neighbouring
atolls Ant and Pakin make up the Senyavin Islands (Fig. 1) and will herein be the primary focus
of this document (see Rowley et al. 2019). Pohnpei is an 8.7 million year old volcanic island
(Rehman et al. 2013) with an area of 362 km2. It’s high land, rich vegetation, and marine
resources have, at least in part, resulted in Pohnpei having the highest population density in the
FSM (over 35,000 inhabitants). Pohnpei’s natural resource use continues to be steeped in
traditional cultural practices, yet the ongoing pressures of upland disturbance and its associated
runoff, domestic and international fisheries (Rhodes et al. 2014b), and climate change pose great
threats to Pohnpei, its inhabitants, and reef communities. The atolls Ant and Pakin have a steep
bathymetry similar to that of Pohnpei, but are sparsely populated and not exposed to the same
freshwater or agricultural runoff.

Fig. 1. Location map of the Senyavin Islands consisting of the island of Pohnpei and the atolls Ant and
Pakin. Inset shows the Senyavin Islands on the world map. Map and inset by RR. Coleman.
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Fig. 2. Mean daily temperature from the outer reef of southwest Pohnpei Island at 10 m increments to
130 m depth from August 2015–July 2016. Data were taken every 30 minutes. Inset right: daily
temperature values taken every 30 seconds at 130 m depth. Loggers used: Tidbit® v2, Onset® (Figure
compiled by S.J. Rowley, www.mesophotic.org, can be reused under CC By license)

Water clarity at the outer reefs of Pohnpei is extremely high, yet even higher at the atolls
Ant at Pakin, with light penetrating well below 150 m depth. The MCEs of the Senyavin Islands
are not mild environments, particularly in comparison to the shallow-water coral reefs.
Pohnpei’s MCEs have huge daily and seasonal temperature fluctuations (Fig. 2). In March 2016,
temperatures soared dramatically bringing the El Niño to an end (Fig. 2). Shallow-water
communities from the coral micro-atolls of the lagoons to the reefs began to bleach, and the
majority of reefs eventually became smothered in algae by 2017 (see section Macroalgae). A
succession of cyanobacteria and invasive algae smothered communities to a depth of 68 m at
Pohnpei from 2016 to 2017. Temperatures at 130 m depth ranged from a minimum of 10.5ºC to
a maximum of 29.2ºC yet continued to fluctuate ca.10ºC within any single day. Over three years
the diurnal and seasonal temperature variance ranged up to 20ºC in a single day at 90 m depth.
However, rich octocoral communities flourish at ≥130 m off Ant and Pakin Atolls. How these
deep coral communities are able to thrive in such challenging environments is just one of the
natural phenomena what we wish to study in greater detail, as this may hold keys to the survival
of coral reefs in the face of global climate change.

Biodiversity
Macroalgae
The shallow-water flora from Pohnpei and Ant Atoll is diverse compared to other small
similar-sized islands and atolls, possessing a total 244 species (Hodgson and McDermid 2000;
McDermid et al. 2002). Macroalgae from 5 to 140 m depths were recorded from 2014 to 2017.
In the summer of 2016, after the March Very Strong El Niño the upper MCEs of Pohnpei
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Fig. 3. Macroalgae from shallow to mesophotic depths during 2017: (a) southwest Pohnpei at 5 m depth,
(b) filamentous diatom mats at 5 m, Ant Atoll, (c) start of Microdictyon beds at 5 m, Ant Atoll that
extend to 50 m depth; (d) bleached Halimeda patches, 5 m, and (e) Caulerpa racemosa, 20 m depth at
western Pohnpei. (f) Halimeda and nongeniculate coralline algae dominated reefs at 30 m depth, Pakin
Atoll. (g) Bloom-forming cyanobacteria at 30 m, Pohnpei in July 2016, and (h) a shift to Cladophora cf.
sp. at the same reef patch in August 2017. (i) Juvenile corals Seriatopora hystrix and Siphonogorgia cf.
with other juvenile invertebrates and corallines at 60 m depth, Pohnpei in August 2016, and (j) the same
reef and depth dominated by a Cladophora cf. sp. in August 2017 (Photo credits: S.J. Rowley, 2016–
2017, www.mesophotic.org, can be reused under CC By license)
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Fig. 4. Threats to shallow reef health in the Senyavin Islands. (a) Healthy coral communities at Pakin
Atoll in 2016, and (b) the same reef covered in coralline algae in 2017. Photo credits: SJ. Rowley, 2016 –
2017.

experienced a cyanobacteria bloom smothering the reef to a depth range of 25–60m (Fig. 3g),
although not observed on the adjacent atolls. But, drastic changes were further observed in the
MCE flora in 2017 at both Pohnpei and the atolls, with an increase in bloom-forming
cyanobacteria and macroalgae at Pohnpei and western Ant Atoll, and smothering of coral by
coralline algae at east and northeast reefs of both atolls (Fig. 4b). In shallow water from 5 to
30m depths, a shift from low-moderate abundance in previous years (Rowley, unpubl. data) to
high abundance of invasive green algae, and a conspicuous orange cyanobacteria, browncoloured filamentous diatoms, and Halimeda spp. dominated the reefs, overgrowing corals and
other available substratum (Fig. 3a–f). From 30–60m depths, a dark-green mat of Cladophora
cf. sp. (Fig. 3h–j) and Halimeda spp. covered at least 50% of available substrate. By 120m,
macroalgal cover was low with no bloom-forming macroalgae observed, and appeared similar to
the reefs observed from 2016.
Making comparisons with the MCE flora is difficult without extensive collections.
Additional samples analyzed with molecular and morphological analyses are needed to properly
characterize the MCE macroalgal community in Pohnpei. Nevertheless, the current information
suggests that this assemblage can experience dramatic and unexpected shifts in algal abundance,
with a recent (2017) algal bloom event from shallow to MCE depths. The persistence and causes
of this phase-shift may likely, in part, be due to the very strong El Niño of 2016, with
subsequent succession in dominant taxa. Moreover, eutrophication (excessive influx of nutrients
from land runoff) at Pohnpei and increased fishing pressure, which removes all the grazers,
herbivores, and detritus feeders, further encourages algal overgrowth. Future research should
focus on extensive collections for molecular and taxonomic analyses of the MCE flora. Even
though ecological benthic transect imagery data has been collected (Rowley, unpubl. Data), lack
of funds and personnel leave conclusions unresolved.
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Fig. 5. Shallow coral reefs of Pohnpei Island in 2017 at two sites with contrasting wave exposure: (a)
Acropora hyacinthus dominated reef on the western side of Pohnpei exposed to high wave activity, 3-12
m depth, and (b) and complete coral smothering and overgrowth by cyanobacteria and algal draperies at a
low wave exposed southwest reef at Pohnpei, 5 m depth. (Photo credits: T. Bridge, and S.J. Rowley, 2017)

Corals
Coral surveys conducted in August 2017 recorded 160 species with 56 present at depths
below 30 m. Half of these species (28) were also represented in the shallowest 15 m of the water
column, although this number represented ca. one-quarter of the 117 species recorded in the top
15 m. Only 15 species were solely recorded from the mid depths (15–30 m). These results
suggest that the deeper water MCE communities are a partially nested subset of the shallow
communities. This has significant implications for the vertical connectivity of these
communities, and the potential for MCE communities to act as refugia for the shallow-water
communities (Bongaerts et al. 2010; Bongaerts and Smith 2019).
Severe bleaching episodes in 2016 and 2017 impacted the shallow regions of the reefs,
and the effects were visible up to and beyond 30 m in some cases. Despite this, some reefs with
high wave activity showed little effect of the bleaching (Fig. 5a). The extent of the variability in
the damage caused by the repeat bleaching events was greatest in the shallow depths particularly
sites with low wave exposure (Fig. 5b). Furthermore, the shallow coral communities of Ant and
Pakin were entombed in crustose coralline algae (CCA) on their death in 2017 (Fig. 4b), without
the colonisation of filamentous algae, or other benthic megafauna that would normally inhibit
coral recruitment. This phenomenon has created a substratum that is extremely well suited to
coral recruitment, as corals are known to recruit onto CCA (Harrington et al. 2004). When
combined with the retention of the regional species pool, and the extensive MCE habitats, the
recovery potential of these reefs is highly encouraging, and worth continuing to monitor every
year. Furthermore, pursuing a quantitative analysis of the deeper (depths greater than 45 m)
regions of these habitats will provide answers to many questions that may help shallow reef
recovery.
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Fig. 6. Species richness of gorgonian and scleractinian corals over depth (5–140 m) at (a) Pohnpei Island
with red arrow showing transition depth at 45 m, and (b) the atolls Ant and Pakin with red arrow showing
transition depth at 60 m. Species richness accumulation estimates were at each 5 m wide depth bins. The red
line represents the trend of scleractinian richness over depth (every 5 m from 5–45 m). The blue line
represents the trend of gorgonian richness over depth (every 10 m from 10–140 m). Coloured dots represent
999 permutations of species accumulation estimates for gorgonians (blue) and scleractinians (red). (Figure
by S.J. Rowley, www.mesophotic.org, can be reused under CC By license)

Octocorals
MCEs throughout the Indo-Pacific are typically dominated by extensive communities of
gorgonian (sea fan) octocorals (Rowley 2014). Of the 65 genera and 15 families currently
recorded at mesophotic depths throughout the Indo-Pacific, 35 genera and 11 families were
present within the Senyavin Islands (total of 897 specimens collected during four expeditions
2014–2017; see also Rowley 2016). The majority of species are found at depths below 70 m. In
August and September 2017, quantitative surveys were conducted as described by Roberts et al.
(2016). In the shallows (<30 m) dense communities of a sciophilous (shade tolerant) species,
populated the caves and under overhangs. Only two zooxanthellate gorgonians were present at
mesophotic depths at Pakin Atoll of up to 75 m, most likely due to the water clarity at this site.
Changes in species richness across depth between Pohnpei and the atolls, both showed that
gorgonian diversity increased with depth a pattern that has been reported previously in
Indonesia (Fig. 6; Rowley 2018). Conversely, the hermatypic (reef building) scleractinian corals
follow a depth trajectory consistent with light availability; therefore, scleractinians decreased
7

with depth (Fig. 6). The transition between these two benthic groups, gorgonians, and
scleractinians, at the atolls occurs at ca. 60 m depth (Fig. 6b). However, at Pohnpei the depth
transition is at ca. 45 m (Fig. 6a). This shallower transition depth at Pohnpei, compared to the
atolls, is primarily due to the effects of overfishing at many sites. Therefore, characterizing the
transition from a photosynthetic community to a non-photosynthetic filter-feeding community
(i.e., scleractinians to gorgonians with increased depth) would assist with reef health
assessments.

Sponges
Sponges (Phylum: Porifera) are a highly complex, diverse group, and the oldest living
metazoans on earth (Van Soest et al. 2012). Initial observations and surveys of the diversity and
distribution of sponges on shallow and mesophotic outer reefs throughout the Senyavin Islands
reveal an increase in diversity and abundance with increasing depth. The shallow portions of the
reef (5–10 m) are low in sponge diversity and abundance. Nonetheless, sponge diversity
increased with increasing depth, particularly on the topographically complex outer steep reefs
with undercut walls and overhangs. As the topography shifts at the reef crest to the high relief
walls particularly characteristic of the western reefs, sponges become larger with a branching
morphology. These preliminary observations on the Porifera assemblages of the Senyavin
Islands across depth suggest two patterns. Firstly, that they appear to correspond with that of the
azooxanthellate gorgonians of the region, reflecting a reduction of irradiance (also observed in
Palau: Colin 2009; Kelly and Bell 2016). And secondly, that there may be little difference in
sponge assemblages between the outer reefs of Pohnpei and the atolls, Ant and Pakin.

Fishes
From 2014–2016, a total of 473 fishes have been collected from the waters of the
Senyavin Islands for research (see Rowley 2016). The majority of these fishes are from
mesophotic depths with at least 11, collected below 90 m depth that are new species to science.
In 2014 research on the island of Pohnpei (and neighbouring Ant Atoll), investigated fish
assemblages across depths and found patterns related to trophic position (what fish eat). In
summary, Pohnpei supports over 650 species of reef fishes (Allen 2005; Goldberg et al. 2008).
Trophic position has previously been found to be a distinguishing feature between shallow and
mesophotic-associated fishes (Bejarano et al. 2014; Kane and Tissot 2017), with few herbivores
at mesophotic depths, a trend that remained consistent in Pohnpei (Coleman et al. 2018). These
observations corroborate 30 m as the depth at which shallow assemblages begin to shift to
mesophotic assemblages. Trophic position was also found to be associated with a species ability
to specialize in shallow or mesophotic depths. Interestingly, very little macroalgae were
observed deeper than 30 m in 2014 (Coleman and Rowley, pers. obs.) in contrast to subsequent
years (see section Macroalgae, and Threats and Conservation Issues).
The upper boundary of mesophotic communities is likely to shift in response to a
changing climate. Although the impacts to shallow and MCEs remain unknown, continual
monitoring and identifying the mechanisms that drive species depth distributions will help to
8

Fig. 7. Observations of elasmobranchs in the Senyavin Islands at depth. (a) Grey reef shark
(Carcharhinus amblyrhynchos (BLEEKER, 1856); IUCN near threatened) 50 m Pohnpei, and (b) a school
of Silky sharks (Carcharhinus falciformis (BIBRON, 1839); IUCN Vulnerable) at 50 m, Pakin Atoll.
Photo credits: SJ. Rowley 2014 and 2015.

understand how species will respond to these events. At the family and trophic level, we found
that there is little overlap between shallow and MCE fish assemblages in Pohnpei, and this
pattern limits the utility of MCEs to act as a refuge from disturbances from which shallow reefs
can be replenished. Management strategies must take into account the distinction between
shallow and mesophotic ecosystems in the development of future protective measures.

Elasmobranchs: Sharks and Rays
The oceanic islands and atolls of the Pacific attract migratory sharks, as well as provide
ideal habitat for species migrating locally between the atolls, islands, and deeper depths. Little
research has been conducted on the sharks of the Senyavin Islands. What has been documented
is primarily associated with bycatch from the industrial tuna fisheries (Hutchinson et al. 2015),
with young silky sharks, Carcharhinus falciformis (BIBRON, 1839), constituting 95% of the
entire elasmobranch bycatch (Lawson 2011; Rice 2013). From 2014 to 2017, the abundance of
sharks on the reefs of Pohnpei has dramatically declined (Rowley, pers. obs.). Nevertheless, at
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both Ant and particularly Pakin Atolls, large numbers of juvenile black tip reef sharks and white
tip reef sharks populate the shallow reefs. Such taxa are reliant on coral reefs as habitats with
the detrimental effects – direct and indirect – of anthropogenic impacts and climate change
posed as great threats (Field et al. 2009; see section Threats and Conservation Issues). At
mesophotic depths of >50 m depth, sharks are frequently present (Fig. 7a & b). Solitary grey
reef sharks, Carcharhinus amblyrhynchos (BLEEKER, 1856), are territorial and are often
observed at upper mesophotic depths (Fig. 7a). Yet, shark aggregations in general are becoming
increasingly rare. In 2015, an aggregation of 50 or more, silky sharks, C. falciformis, were
recorded at Pakin Atoll (Fig. 7b). However, such numbers have not been recorded since, likely
due to population decimation as bycatch by the international purse seine tuna industry (Lawson
2011; Rice 2013). The rays of Pohnpei, Ant, and Pakin are typically seen on shallow reefs. It is
uncertain whether these remarkable animals inhabit mesophotic depths at Pohnpei. However,
rays are also targets for local fishing (Yamauchi and Ota 2012), which suggests that they should
be protected.

Threats and Conservation Issues
The health of the shallow water coral reefs of the Senyavin Islands is being severely
compromised, the signature of which can be seen at deeper depths with increased algal
dominance in the upper mesophotic zone (see Fig. 3h & j) coupled with a persistent reduction of
reef and food fish through overfishing. The 2016 bloom-signature at depth may act as a
predictor of reef health in months to come, particularly for reefs excessively exposed to multiple
stressors. Ocean temperatures have fluctuated over the millennia, a single stressor that reefs may
well have the capacity to recover from in our current climate, but the addition of multiple
stressors such as eutrophication, local and international fishing exploitation compromise coral
reef resilience. In summary, it is essential that both the local communities and the
government act now if the reefs of the Senyavin Islands are to recover and survive.
The low-lying atolls that populate Micronesia as a whole are extremely vulnerable to sea
level rise (see Perry et al. 2018). Local atoll communities are alarmed at the significant loss of
land and increases in water temperature over the last decade (The late Sounihrek [Chief of]
Pakin Atoll, 2016, pers. comm.). Nevertheless, the atolls Ant and Pakin still have the greatest
abundance and diversity of fishes and invertebrates of the Senyavin Islands, primarily at depth.
The marine environments of these atolls are considered the most valuable for protection (Allen
2005; Conservation Society of Pohnpei 2006). Therefore, we present the opportunity to bridge
science and policy through adaptive management strategies, making use of MCEs that may
assist local community members and chiefs, who are keen to protect their resources. It is unclear
if and how the reefs of Pohnpei and its sister atolls will recover and persist, but the most
powerful tool for change has been to help communities become aware of the importance of their
marine resources (Joseph, pers. obs.).
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Fig. 8. Threats to shallow and mesophotic reef health in the Senyavin Islands. (a) International factory
fishing vessels, a common site on the picturesque horizon of Pohnpei, and (b) a closer view of the purse
seine fishing vessels anchored offshore. Images by SJ. Rowley, 2017 off the outer reef, Sokehs Rock,
Pohnpei.

The Conservation Society of Pohnpei (CSP) established in 1998, work with local
communities, international conservation agencies, and researchers to mitigate the declining
marine resources throughout Pohnpei (e.g., CSP 2006; Rhodes et al. 2004, 2008, 2014b;
Bosserelle et al. 2017). Yet, what is of immense concern lay anchor in and around Pohnpei
harbour in the form of large purse seine factory vessels (Fig. 8a & b). The cascading effects of
these vessels compromise reef health (Fig. 5b), reducing resources for the local communities by
stripping the waters of pelagic fish, and thus, apex predators on the reef (see Dulvy et al. 2004).
Local fisheries resort to greater reef fish and invertebrate fisheries, whereby herbivores and
detritivores (e.g., Holothurians; Bosserelle et al. 2017), the cleaners of the reef, are depleted.
Moreover, poaching and illegal practices such as night fishing continue to rise as both fish size
and catch reduce. The coastal fisheries of Pohnpei State are deemed unsustainable (Rhodes et al.
2014b; Bosserelle et al. 2017). By permitting these international fisheries, the government of
Pohnpei essentially sacrifices the vibrant reefs and subsistence fisheries of generations before.
The local communities do not appreciate the presence of these vessels. Younger generations
frequently approach visiting researchers eager to find solutions to persuade government officials
to amend the 1996 fisheries act, and not let Pohnpei “get like Hawai’i.” However, the economy
of Pohnpei depends on the commercial tuna fishery targeted by these international fleets (CSP
2006). The FSM receives an annual income of $30 million in license fees from foreign vessels,
which constitutes 70% of the Pohnpei economy. With the Compact of Free Association (COFA)
with the USA ending in 2023, it is considered highly unlikely that the pelagic fishery license
will be revoked. The socio-economic implications for the Pohnpei communities are complex. It
is recommended to: 1) develop community-based conservation strategies towards sustainable
eco-tourism, which generates incentive and alternative measures to prevent illegal fishing
practices (as successfully demonstrated in Indonesia, see www.misoolfoundation.org); these
include local rangers, protection enforcement, and local community education; 2) annual
monitoring and research on targeted reefs throughout the Senyavin Islands from 0-150 m depth,
and 3) a reduction to eventual ban of international fisheries throughout the FSM.
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