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Coral reefs are typified by their benthic components, and reef diversity and productivity
are traditionally ascribed to the symbiotic association between corals and zooxanthellae,
and other macroalgal forms. Less understood is the role of plankton and adjacent
pelagic areas in contributing to reef productivity. Half of the reef benthos are filter or
particle feeders, while a significant proportion of reef fishes are planktivorous. These
organisms can serve as bridges between adjacent oceanic areas to the reef proper, and
the pelagic and benthic realm. Here, we investigate the plankton trophic dynamics in
two reef systems in the West Philippine Sea. Physico-chemical data, phytoplankton and
mesozooplankton samples were collected from stations spanning offshore to reef areas
per site. These were subjected to microscopic and stable isotope analysis to determine
variability in plankton distribution, phytoplankton and zooplankton interactions, and
gain insights into the trophic dynamics and productivity of reefs. Results showed
distinct variations in plankton biomass and assemblage from offshore to reef areas,
as well as between the reef systems. Phytoplankton distributions pointed toward
filtering out of cells across the fore reef and reef flat areas, while mesozooplankton
distributions could be mediated more by other factors. Isotopic signatures of §'°C
and 8'°N indicated the influence of different nutrient sources for phytoplankton and
that mesozooplankton relied only partly on phytoplankton for food in most areas
of the reefs. The mesozooplankton likely also obtain food from other sources such
as the microbial and detrital pathways. More in-depth spatio-temporal studies on
these bentho-pelagic interactions are recommended, which can provide more robust
estimates of the trophic dynamics of these reefs that are situated in important fishing
grounds and key biodiversity areas.

Keywords: benthic-pelagic coupling, plankton trophic dynamics, reef, stable isotope, West Philippine Sea

INTRODUCTION

Coral reefs are one of the most biologically diverse and productive coastal ecosystems. They are
geographically located in shallow oligotrophic waters in the inter-tropical regions at 30°N-30°S,
and these reefs occupy less than 0.1% of the world’s oceans (Lesser, 2004). Within these restrictions,
reefs are still able to support complex faunal and floral communities that are distinct in their
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taxonomic organization and spatial and temporal distribution.
These marine ecosystems also play a role in the exchange of
organic and non-organic matter with the adjacent ocean and
lagoon (Hamner et al., 2007).

At the base of the marine food web, plankton support the
functioning of the coral reef ecosystem by providing food for
a wide array of coral reef-associated organisms. Half of the
benthic fauna on coral reefs are estimated to be filter feeders
or particle feeders; these animals feed on zooplankton and
particulate organic matter (POM) (Yahel et al., 1998; Mayal
et al.,, 2009). Many reef fish species larvae and juveniles rely on
mesozooplankton and consequently the lower trophic levels for
food. Despite occupying what is typically considered oligotrophic
seas, the contribution of plankton to the productivity of coral
reefs has long been recognized (Glynn, 1973; Hamner et al., 1998)
though still less explored (Skinner et al., 2021). In one of the first
studies to look into plankton on reefs, Glynn (1973) reported
variations in plankton across a reef in Puerto Rico and estimated
that over 91% of diatoms and 60% of zooplankton were removed
from the water presumably by reef organisms. Hamner et al.
(2007) illustrated the spatial variation of available zooplankton
from the oceanic side to the lagoon in the barrier reef of Palau.
This and other studies (Morales and Murillo, 1996; Gruber et al.,
2018) also highlight the interaction between the open ocean and
coral reefs through the import and export of plankton. More
recent studies are demonstrating the significant contribution of
oceanic processes to reef productivity (Genin et al., 2009; Wyatt
et al.,, 2010, 2013; Leichter et al., 2013; McMahon et al., 2016;
Morais and Bellwood, 2019; Fey et al., 2021). Wyatt et al. (2013)
highlight that allochthonous oceanic particulate organic material
(POM) comprised primarily of phytoplankton are important in
providing nutrients at the fringing Ningaloo Reef. Morais and
Bellwood (2019) estimated that 41% of the fish productivity
in a windward reef on the Great Barrier Reef derived from
pelagic subsidies, while McMahon et al. (2016) found that pelagic
productivity can contribute greater than 70% to C consumed and
assimilated by fish in oceanic reefs in the Red Sea.

Mesozooplankton are considered to be a key group bridging
primary producers to benthos and fishes at the higher
trophic levels in different marine ecosystems including coral
reefs (Roman et al, 1990). This transfer of organic material
through the mesozooplankton can occur through three possible
pathways: grazing, microbial and detrital pathways (Gottfried
and Roman, 1983; Morillo-Velarde et al., 2018). The grazing
pathway is the classical concept of microphytoplankton as
direct prey of zooplankton. The microbial pathway starts with
heterotrophic bacteria which are consumed by nano- and
microzooplankton such as protists which are then consumed by
the mesozooplankton. In the detrital pathway, mesozooplankton
consume non-living organic matter such as dead animals, plants,
feces and other waste materials. The contribution of different
trophic pathways in the system can vary depending on season
(Nakajima et al., 2017) and location (McMahon et al., 2016;
Skinner et al., 2021).

Measurement of stable isotopes has been widely used to
provide insights on the trophic interactions both in freshwater
and marine ecosystems (Fry and Sherr, 1984) specifically in a

time-integrated manner (Vander Zanden and Rasmussen, 1999;
Post, 2002). The pathways of energy flow through food webs
can be traced and understood using carbon and nitrogen stable
isotopes (Vander Zanden et al., 1999). The trophic positions of
organisms, which reflect species’ long-term diet, are estimated
by using the 8!3C and 8!°N signatures of the primary producers
(e.g., phytoplankton) and various consumers (e.g., zooplankton
and fish) (Popp et al., 2007). Moreover, stable isotopes analyses
have been used to better understand the trophic interactions
between planktonic communities (Basedow et al., 2009, 2016;
Giering et al, 2019) in pelagic zones to trace sources and
transport of nutrients.

The input of allochthonous material into coral reef
productivity is generally recognized yet relatively unexplored.
Through these pelagic subsidies, larger-scale oceanographic
variabilities can influence reef resilience and/or vulnerability. In
this study, we contribute information on this process in reefs
in the Philippines, an area that is a global biodiversity hotspot
and within a key fisheries region but with limited data. We
investigated the interaction between the pelagic and benthic
areas through the plankton, and the potential trophic paths
in reefs in the West Philippine Sea. Specifically, we examined
the plankton composition, abundance, and stable isotope
signatures and investigated the variations in the distribution of
microphytoplankton and mesozooplankton across and between
two tropical reefs in the West Philippine Sea, and assessed
the potential trophic pathway between phytoplankton and
mesozooplankton within these reefs.

MATERIALS AND METHODS

Study Sites

The Kalayaan Island Group (KIG) in the West Philippine Sea
(WPS) is estimated to house approximately 30% of coral reefs
in the Philippines and is recognized as a key biodiversity area
(Ong et al., 2002; Arceo et al., 2020). These offshore reefs and
surrounding pelagic areas also serve as important fishing grounds
(Alifio and Quibilan, 2003). This area is embedded within the
South China Sea (SCS) whose general circulation patterns are
highly influenced by monsoonal wind systems (Wyrtki, 1961; Hu
et al., 2000). During the northeast monsoon season (or winter
time), overall circulation is cyclonic, with strong southward
flows off the coast of Vietnam. During the southwest monsoon
(summer), flow is primarily anticyclonic with weaker northward
currents. Within the central area of the South China Sea,
where the KIG is located, currents are weaker, and tides also
have small amplitudes (Villanoy and Jacinto, 2017). The SCS is
generally considered oligotrophic (Zhang and Yin, 2015), and
the offshore and shelf waters of the WPS exhibit the Typical
Tropical Structure with a thermocline, nutricline, a subsurface
chlorophyll maximum found at around 40-75 m, and the peak
primary production overlapping or just above the chlorophyll
maximum (San Diego-McGlone et al., 1999). Previous work
have focused on characterizing gross hydrodynamic features
in the deeper waters of the WPS and SCS, and there are no
studies that we are aware of specifically describing oceanographic
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patterns across time and space at a similar atoll scale featured
in this study.

The research expedition in KIG was conducted from April
28, 2017 to May 18, 2017 on-board the BRP Velasquez. Two
reef systems, Pag-asa (Thitu) Island and Sabina Shoal, within the
KIG were the sites for this study (Figure 1). The samples were
collected from at most six stations across two separate transects
in Pag-asa Island on May 3 and 5, and one transect in Sabina
Shoal on May 9. Small boats deployed from the ship were used
to sample the reef areas. Supplementary Table S1 documents the
details for the sampling stations.

Pag-asa Island is at the eastern tip of an atoll in the
northwestern portion of the KIG. It has an area of 37.2 hectares
and is the largest Philippine-administered islands in the Kalayaan
Island Group situated toward the west. It is occupied by military
personnel and a civilian population of about 300. Transect 1 was
located in the northwestern area, while Transect 2 was in the
southwestern area. The first transect has a broad reef flat, a more
pronounced spur and groove area, and a steeper reef slope than
the second. Transect 2 is situated adjacent to the inhabited area
of the island and the landing point for small boats is nearby.
For both transects, Station 1 was in the lagoon area, Station 2
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FIGURE 1 | Maps of the study sites in the Kalayaan Island Group. (A) Philippine map showing the West Philippine Sea and islands; (B) Pag-asa Island Transect 1
with the larger Pag-asa Island perspective showing the 2 transects as inset; (C) Pag-asa Island Transect 2; and, (D) Sabina Shoal Transect and the whole Sabina

Shoal perspective as inset.
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in the back reef, Station 3 in the reef flat (only for Transect 1),
Station 4 on the fore reef slope and Stations 5 and 6 were offshore
from the reef. We were unable to sample the targeted Station
3 at the reef flat area at Transect 2 due to a sudden squall and
limited time at the island. In contrast to Pag-asa Island, Sabina
Shoal is an uninhabited atoll at the eastern portion of the KIG.
The transect is situated on the northwestern portion of the atoll
and is characterized by a narrow and steep fore reef. Station 1
is in the reef flat area, while Station 2 is in the fore-reef area.
Station 3 is in the fore-reef slope/deeper reef area. Stations 4
to 5 are sequentially further offshore from the reef. We were
unable to access the lagoon here due to the extremely shallow and
extensive reef flat.

Physico-Chemical Parameters

For each station, temperature, salinity, and density
measurements were obtained using a CastAway CTD (YSI,
United States) up to a maximum of 40 m or less, depending on
the actual depth. A 5 L Niskin sampling bottle (General Oceanics
Inc., United States) was deployed up to five depths per station to
obtain samples for dissolved oxygen, nutrients, and chlorophyll
a. Samples for dissolved oxygen were collected into BOD
bottles and fixed with manganous chloride and alkali-iodide.
Sub-samples for inorganic nutrients (phosphate, silicate, nitrite,
and nitrate) were collected into 250 mL HDPE bottles, and
water samples for chlorophyll a analysis were collected in 2.5 L
book bottles. The inorganic nutrients and chlorophyll a samples
were stored in an ice box until samples could be processed
back on the ship.

On board the ship, samples for dissolved oxygen were
immediately analyzed using a slight modification of the Winkler
(1888) method by Carpenter (1965). Seawater samples for
inorganic nutrients were transferred to centrifuge tubes and
stored in a freezer at —-20°C (4°C for silicate) before laboratory
analyses on land. For chlorophyll 4, 1000 mL of the sample
was filtered through a 0.7 pm Whatman® GFF using a vacuum
filter manifold. A few drops of magnesium carbonate (MgCO3)
solution were added to the filter paper prior to filtration to
preserve the samples. After filtration, the filter papers were placed
in aluminum foil sheets and stored in a freezer (—20°C) until
analysis back on land.

Plankton Collection

Collection and Processing of Phytoplankton and
Zooplankton for Microscopy

Niskin bottles were deployed at discrete depths per station
ranging from subsurface to a maximum of 85 m to gather
phytoplankton samples. The number and actual depths sampled
depended on the actual bottom depth (Supplementary Table S1).
A known volume, typically 1 L was collected from the Niskin
bottles, which were subsequently filtered through a 20 pm sieve,
decanted into amber bottles, and fixed with 5 ml formalin.
These were used to characterize the type and abundance of
phytoplankton per station. For zooplankton composition and
abundance, a plankton net with 200 pm mesh size and a
flowmeter were vertically deployed and lowered until about a

meter above the bottom. Samples from these vertical tows were
filtered using a 200 pm sieve and fixed with ethanol.

Collection and Processing of Phytoplankton and
Zooplankton for Stable Isotope Analysis

Phytoplankton for stable isotope analysis were obtained using
vertical net tows (20 pm mesh size) deployed near the bottom
or a maximum of 50 m. Collected samples were filtered using a
20 pwm sieve into amber bottles which were stored in an ice chest
until they could be processed on the ship. Zooplankton samples
were collected using horizontal and vertical (depth-permitting)
tows using 200 jum mesh size nets and a flowmeter. Vertical tows
were deployed near the bottom or a maximum of 50 m, while for
horizontal tows, the net was lowered just below the water surface
and towed for 3 min while the boat was circling immediately
around the station. Samples from the tows were filtered through
a 200 wm sieve into amber bottles and stored in an ice chest as
well. On board the ship, both phytoplankton and zooplankton
samples were directly filtered through a pre-combusted GF/F
Whatman filter (47 mm diameter) using a filtration manifold
with a vacuum pump. The filters were filtered to refusal, folded
into half and placed in pre-combusted aluminum foils, and stored
in a —80°C freezer until further analysis.

Chemical and Chlorophyll Analysis

Phosphate, silicate, and nitrite concentrations were determined
colorimetrically using the methods from Strickland and Parsons
(1972) and Jones (1984) with the use of a UV-Vis spectrometer
(Shimadzu UV Mini 1240, Japan). NOx (nitrate and nitrite)
concentrations were measured using a modified shaking
technique to reduce nitrate to nitrite using cadmium granules
from Jones (1984), and then detected using the colorimetric
method. Chlorophyll a (chl a) samples were analyzed
fluorometrically using a Trilogy® laboratory fluorometer
following the Intergovernmental Oceanographic Commission
(Protocols for the Joint Global Ocean Flux Study (JGOES), 1994).

Microscopy

Phytoplankton samples were analyzed under the HPO of a Carl
Zeiss Axiovert 25 inverted microscope. One ml aliquot from each
sample bottle was obtained using a micropipette and decanted
onto a Sedgewick Rafter slide. Initially, the slide was viewed
under the scanner objective to have an overview of the cell
density of the sample. The cell counts were performed thrice
per sample bottle, and were averaged for data analysis and
interpretation. Identification was made up to the genus level
based on Tomas (1997). Data were expressed as cell density
per liter. Phytoplankton counts were averaged across depths per
station to obtain cross-reef profiles.

Before microscopy, the zooplankton samples from the vertical
tows were diluted to a volume of 200 ml and split using a Folsom
plankton splitter. The zooplankton to be subsampled was poured
into the splitter and rotated slowly back and forth. Internal
partitions divided the samples into equal fractions. One half of the
sample portion, approximately 100 ml, was placed in a petri dish
with grids etched on the bottom, and fully counted. Counting
was done using a stereomicroscope. Identification was made up
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to the order level, except for the groups of fish larvae, nauplius,
polychaete worms and unidentified eggs. Data were expressed as
individuals per cubic meter.

Stable Isotope Analysis

The phytoplankton and mesozooplankton samples for stable
isotope analysis were dried at 60°C, rinsed with dilute HCI and
ultrapure water, then dried again at 60°C. The samples were
recovered from GF/F filters by scraping and were ground into
a fine powder using an agate mortar and pestle before analysis.
These were weighed and wrapped in tin capsules.

Measurement of bulk carbon and nitrogen isotopes in
both phytoplankton and mesozooplankton samples were
performed using a continuous flow IRMS (Delta V Advantage,
Thermoscientific) interfaced with an elemental analyzer (ECS
4010, Costech, Inc.). The relative abundance of carbon and
nitrogen isotopes were calculated using pre-calibrated amino
acid standards (Tayasu et al., 2011): Glycine (313C = —34.92)
and L-Threonine (8'3C = —9.45) for carbon and DL-Alanine
(3'°N = —2.89) and L-Alanine (8°N = 22.71) for nitrogen.

Stable isotope ratios were reported as delta (3) notation:

Rsample

PN and $13C = ( —1) x 1000

standard

where R is 'N/MN or 3C/!2C. Isotope ratios are expressed
in per mil (%) relative to the ratio of international reference
standards (Rggpdarg) which are Atmospheric Nitrogen and
Vienna PeeDee Belemnite (VPDB) for nitrogen and carbon,
respectively (Perkins et al., 2014).

Statistical Analysis

Principal Coordinate Analysis (PCoA) was wused to
analyze the multivariate distribution of the phytoplankton
and mesozooplankton  compositions, while Canonical
Correspondence Analysis (CCA) was used to analyze the
influence of environmental variables on the phytoplankton and
mesozooplankton assemblages. The data were first transformed
into distance measures using the Bray-Curtis method for the
PCoA (Legendre and Anderson, 1999; Legendre and Legendre,
2012). For the CCA, data were standardized using the Hellinger
method (Legendre and Legendre, 2012). Spearman’s correlation
was employed to look at correlations and potential interactions
between the phytoplankton and mesozooplankton taxa. Only
taxa that were observed in at least half of the sampling stations
per transect were included in the analysis. ANOVA was used to
determine if there were any differences in the phytoplankton 8'3C
and 8!°N between reef transects, followed by Tukey HSD to tease
out specific differences. Data were assessed for conformity to the
assumptions of normality and homogeneity of variances. The
differences of the carbon and nitrogen isotopic values between
the mesozooplankton and phytoplankton were calculated by
obtaining the average 8!°C and 3'°N of the phytoplankton per
transect or per reef zone, then subtracting the corresponding
mesozooplankton average 3'3C and §'°N for that transect or reef
zone. All statistical analysis were done using R through the base
package, as well as the vegan package.

RESULTS

Water Column Conditions

The physico-chemical section profiles for the Pag-asa Island
and Sabina Shoal transects are shown in Figure 2 in terms of
temperature, salinity, density, chl a, phosphate (POy), silicate
(SiO3), and nitrate and nitrite (NOx). Generally, warm, stratified
areas were evident in all transects with temperature values
ranging from 28.76 to 31.70°C (Figure 2 and Supplementary
Table S2). Salinity ranged from 33.32 to 33.73 psu. The Sabina
Shoal site, though, showed much stronger stratification across the
transect due to very warm surface waters and sharp thermocline
(Figures 2C,EI).

Phytoplankton biomass is considered to be generally low
in waters surrounding coral reef ecosystems, characterized by
typical concentrations of chl a at approximately 0.2-0.6 pg/L
(Nakajima et al,, 2016) owing to a low concentration of
inorganic nutrients (Hearn et al., 2001). San Diego-McGlone
et al. (1999) observed a maximum of 0.66 in their South
China Sea sites. In the present study, relatively lower chl a
values were observed with a maximum of 0.13 pg/L, where the
Pag-asa transects (PT1 and PT2) had slightly higher average
concentrations, and larger areas with higher concentrations
compared to Sabina Shoal (Figures 2J,K,L and Supplementary
Table S2). These high chl a concentrations at PT1 and PT 2
were found in the subsurface to deeper waters at the forereef
and offshore zones. Relatively high chl a concentrations were
also observed in the lagoon of PT1. The high chl a levels in
Sabina Shoal were observed near the surface at the forereef
zone. In general, nutrient concentrations ranged from 0.12 to
0.59 uM for phosphate, 1.93 to 11.92 M for silicate, and 0.17
to 8.65 wM for NOx. Overall, all three transects tended to
be depleted in nutrients at the surface, which increased going
deeper (Figures 2M-U). There were some specific differences,
though, between the three. Pag-asa transect 1 and Sabina
Shoal had relatively higher nutrient concentrations than Pag-
asa transect 2. These were situated in deeper areas offshore
and even extending toward shallower depths in some offshore
areas as at the forereef slopes. In contrast, Pag-asa transect
2 had lower phosphate and NOx concentrations, and did not
exhibit any distinct increase at the forereef zone (Figure 2 and
Supplementary Table S2). Silicate was also moderately high at
the lagoon side of the two Pag-asa transects (Figures 2S,T,U and
Supplementary Table S2).

Plankton Assemblages Across Reef

Zones and Transects

A total of 48 phytoplankton genera belonging to 33 families were
observed across the transects (Supplementary Table S3).
Family Bacillariaceae was by far the most genera-
abundant group, with four recorded genera each. Family
Hemiaulaceae and Rhizosoleniaceae each had 3 genera, whereas
families Chaetocerataceae, Dinophysaceae, Fragilariaceae,
Skeletonemaceae,  Thalassionemataceae,  Thalassiosiraceae,
and Triceratiaceae were represented by 2 genera each.
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All  other remaining phytoplankton families had one and reef flat areas (Stations 1 and 2) were accessible, and these

representative genus only.

also had lower densities than fore-reef and deeper stations. The

Phytoplankton abundances and assemblages exhibited two Pag-asa Island transects had more similar phytoplankton
variations between reef zones as well as between the three compositions wherein diatoms of the Family Chaetoceraceae
transects (Figures 3A, 4A, 5). Back reef and reef flat areas tended ~ were the most abundant (dominated by the genus Chaetoceros),
to have decreased phytoplankton abundances while those in the  followed by cyanobacteria of the Family Phormidiaceae
lagoon and fore-reef zones had higher abundances (Figure 5 and  (Trichodesmium), and then diatoms of the Thalassionemataceae
Supplementary Table S3). In Sabina Shoal, only the back reef family (Thalassionema). Sabina Shoal was distinct from Pag-asa
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Island with much lower phytoplankton densities (except for
the outer forereef), and its phytoplankton composition. The
cyanobacteria Trichodesmium was the most dominant in Sabina
Shoal, followed by the dinoflagellate Prorocentrum of family
Prorocentraceae, and then diatoms of the Leptocylindraceae
family (Leptocylindrus). The two axes of the CCA (Figure 4A)
explained 47.42% of the variability in the phytoplankton. It

highlighted the association of dinoflagellates from the Families
Prorocentraceae and also Gonyaulacacea in Sabina Shoal, which
exhibited low phytoplankton abundance, low chlorophyll, and
higher nutrient concentrations, as also discussed above. Pagasa
transects 1 and 2, on the other hand, clustered closer together
and were associated more with higher chlorophyll, but relatively
lower nutrient concentrations. Phytoplankton composition
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also appeared to have some variability within reef zones in a
transect (Figure 5 and Supplementary Table S3) driven mainly
by shifts in the dominance of Chaetoceros and Trichodesmium
and increases in the contribution of dinoflagellates like
Gymnodinium sp., Prorocentrum sp., and Protoperidinium sp.,
and other diatom species such as Thalassionema sp., Skeletonema
sp., and Leptocylindrus sp., particularly in the lagoon, fore reef
and offshore zones.

A total of 20 zooplankton orders were observed across
the transects. Zooplankton abundances exhibited more
variability within and between transects (Figures 3B, 4B, 6
and Supplementary Table S4) compared to phytoplankton.
Zooplankton abundance tended to be higher in the inner reef
areas compared to offshore, opposite the pattern observed for
phytoplankton. Abundance was also the highest overall for
Sabina Shoal and lowest for Pag-asa transect 1. Zooplankton
composition had more overlaps between all three transects
(Figure 3B) and was relatively more similar compared to
patterns for the phytoplankton. The three transects were
generally dominated by copepods (including their nauplii)

under the orders Cyclopoida and Calanoida. Pag-asa Transect
2 and the Sabina transect had high abundances of copepods
from the order Poecilostomatoida, while in Pag-asa transect 1
mesozooplankton under class Gastropoda were abundant. The
CCA axes (Figure 4B) was able to explain 31.63% of the variance
in zooplankton. It again highlighted the higher overlap in the
mesozooplankton community composition across transects
though there were variabilities in the environmental variables
(Figure 4B). Though there are similarities between transects, the
compositions still showed differences across reef zones where
more types of mesozooplankton (e.g., fish larvae, Doliolida,
Amphipoda, Hydrozoa) were found in the lagoon and/or back
reef zones for the two Pag-asa transects, and offshore for Sabina
transect (Figure 6 and Supplementary Table S4).

The potential interactions between phytoplankton and
mesozooplankton were evaluated per transect using Spearman
correlation (Figure 7). There were only a few significant
associations, and out of these, all showed a negative correlation
between particular phytoplankton and mesozooplankton. In
Pag-asa transect 1, four significant negative associations were
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observed: Cyclopoids and Skeletonema, Harpacticoids and
Thalassionema, Poecilomastoida and Protoperidinium, and
Siphonophore and Skeletonema. For Pag-asa transect 2, seven
significant negative associations were observed, namely between
Aphragmopora and Coscinodiscus as well as Cylindrotheca,
Calanoida and Chaetoceros as well as Cylindrotheca, Decapoda
and Bacteriastrum, Gastropoda and Bacteriastrum, and
Polychaete worm and Chaetoceros. In the Sabina transect,
only two significant negative associations were observed, namely
between Cyclopoida and Gymnodinium, and Poecilomastoida
and Protoperidinium.

Plankton Stable Isotope Analysis

The 3'3C values obtained for the phytoplankton ranged from
—23.9 to —17.5%0 (Table 1). 3'°N values of phytoplankton were
variable ranging from 3.1 to 11.4%o. There were no significant
differences in the mean 3'3C between transects; however, there
were significant differences for mean 3'°N. The two Pag-asa
transects were significantly different from each other (p = 0.0002),
as well as Pag-asa transect 2 and Sabina transect (p = 0.0135).
There was no difference between Pag-asa transect 1 and Sabina
transect (p = 0.0988) and both had higher 81°N values than
Pag-asa transect 2.

The mesozooplankton, on average in the Pag-asa transects,
appeared to have relatively depleted '3C compared to the
phytoplankton within each transect, while the Sabina Shoal
transect showed slight enrichment (Table 1). There can be
large variability though across reef zones. Within the Sabina
transect, the offshore zone were enriched, while 1°C values were
slightly depleted in other zones. Within the Pag-asa transect
1, the enriched areas were the lagoon and back reef zones.
All zones in Pag-asa transect 2 were consistently depleted. For
815N of mesozooplankton relative to the corresponding putative
phytoplankton 3'>N per transect, only Pag-asa transect 2 on
average appears to exhibit >N enrichment by 1.1%¢ (Table 1).
The Sabina transect mesozooplankton was only slightly depleted
especially compared to the Pag-asa transect 1 mesozooplankton.
There are also a few variabilities across reef zones, where the
reef flat in the Sabina transect was slightly enriched. Conversely,
only the back reef in Pag-asa transect 2 was depleted. The biplots
with convex hulls for phytoplankton and mesozooplankton
in Figure 8 provide an indication of the breadth of their
sources of nutrients and food. Pag-asa transect 1 and Sabina
transect mesozooplankton potentially have other C sources apart
from the phytoplankton in the transect. Pag-asa transect 2
mesozooplankton appears to have a less diverse source of food,
which is more depleted than the phytoplankton. The larger
range of 3!°N in Sabina followed by Pag-asa transect 2 suggests
that mesozooplankton in these areas have a wide range of
feeding types, especially compared to the smaller range of Pag-
asa transect 1.

DISCUSSION

Variability of Plankton Across the Reefs
Coral reefs are dynamic environments influenced by tides and
waves, yet distinct patterns in the plankton across the scale of the

reef zones can be distinguished. The phytoplankton abundance
and assemblage showed a distinct pattern of variation from
offshore to the reef or lagoon side. Phytoplankton were abundant
offshore, becomes depleted in the fore-reef and reef flat areas
that harbor the most benthic and associated organisms, then
increases again in the reefs with lagoons. This pattern was
robust across the three reefs investigated. This supports the
concept of the “wall of mouths” where plankton are removed
from the water column by planktivores aggregated in the fore-
reef area (Hamner et al., 1998; Morais and Bellwood, 2019).
Benthic and suspension feeders are also potential consumers of
phytoplankton in reefs in addition to planktivorous fish; these
include bivalves (Klumpp et al., 1992), gastropods (Lesser et al.,
1992), and polychaetes (Vedel and Riisgard, 1993). Previous
observations such as by Glynn (1973) in a Caribbean coral reef,
Moriarty et al. (1985) in Lizard Reef, GBR, Sorokin (1991) in
Vietnam, and Wyatt et al. (2010) in Ningaloo Reef, highlight that
the filtering out of phytoplankton and microbial communities
from flowing water across reefs can be commonly seen. The
lagoon areas typically have longer residence times, are deeper, and
have fewer organisms, thus providing an environment where the
phytoplankton can accumulate (Lowe and Falter, 2015; Pagano
et al., 2017). This cross-reef pattern indicates that input of
allochthonous phytoplankton from offshore can occur within
different coral reefs, and can be one of the mechanisms by which
reefs here in the West Philippine Sea obtain and retain nutrients
in these low nutrient environments.

Interestingly, the mesozooplankton pattern was different from
that of the phytoplankton. They were relatively more abundant
in the fore reef and reef flat zones, but their distribution was also
more variable. This can be due to differences in the planktivores
and benthic suspension feeders present in the reefs. Different
taxa feed on particular components of the plankton. Tunicates,
sponges, and molluscs primarily incorporate dissolved organic
matter (DOM), bacteria, and phytoplankton, whereas cnidarians
also ingest zooplankton (Gili and Coma, 1998). Glynn (1973)
also observed that diatoms were 31% more efficiently filtered
out of the water column than zooplankton in a Puerto Rican
reef. The distribution of mesozooplankton, particularly those of
reef-associated or resident zooplankton, is also likely mediated
by their swimming behavior (Emery, 1968; Ohlhorst, 1982).
Increased abundances of zooplankton at the surface of a shallow
back reef in Moorea, French Polynesia were attributed to their
upward swimming behavior (Alldredge and King, 2009).

Potential Trophic Relationships Between

Phytoplankton and Mesozooplankton

The C isotopic signature across the three reefs was similar even if
there were differences in the phytoplankton assemblages between
Sabina Shoal and Pag-asa Island. These differences were not
enough to shift the 3'3C signatures, possibly since all three
generally had abundant diatoms and cyanobacteria. There do
appear to be variations in the nitrogen source for the reefs even
within Pag-asa Island. Pag-asa Island transect 1 and Sabina Shoal
have more enriched §!°N that is potentially due to uptake of NOx
from deeper upwelled waters (Loick et al., 2007; Michener and
Kaufman, 2007; Henschke et al., 2015; Kiirten et al., 2016). These
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FIGURE 7 | Spearman’s correlation between phytoplankton and zooplankton taxa per transect: (A) Pag-asa Transect 1, (B) Pag-asa Transect 2, and (C) Sabina
Transect. Circles with a white asterisk are the only ones that are significant at p < 0.05.

transects had distinctly higher nutrient concentrations at the
deeper portions up to the fore reef slope and mid-water column.
Although for the Sabina Shoal transect, the stronger stratification
possibly still limited the concentration, thus cell abundances were
low. The more depleted 8!°N signature of Pag-asa transect 2 could
then be due to the greater contribution of recycled nitrogen in the
form of ammonium or urea under more oligotrophic conditions
(Loick et al., 2007; Henschke et al., 2015).

There is a wide range of isotopic signatures observed in
coral reefs even within the Pacific. For phytoplankton or POM,
values from —22 to —18 §!>C are measured on average (e.g.,
Yamamuro et al., 1995; Letourneur et al., 2013; Wyatt et al.,, 2013;
Briand et al., 2015; and Fey et al., 2021), while for zooplankton
values of —20.5 to —13 $'>C on average (e.g., Yamamuro et al,,
1995; Wyatt et al.,, 2013; and Fey et al., 2021). The 8!°N values
are even wider at —0.14 for Trichodesmium at a New Caledonian

reef (Briand et al, 2015) through 15 for phytoplankton at
Marquesas (Fey et al, 2021). For zooplankton, 8'°N values
ranging from about 5 to 17 on average have been observed on
Pacific reefs (Yamamuro et al., 1995; Wyatt et al., 2013; Fey et al,,
2021). The values obtained in this study lie within these typical
observed values.

Mesozooplankton in the studied reefs likely have other food
sources apart from phytoplankton since most of their §*C
were depleted relative to the phytoplankton, and there were
only a few signs of potential grazing interactions between them
based on the correlations. The carbon isotopic composition
of consumers is typically within £ 1%o of their food source,
with a small (about 0.5-1%) enrichment (Peterson and Fry,
1987; Michener and Kaufman, 2007). Only three stations
showed some level of '3C enrichment where some areas in
Pag-asa transect 1 and Sabina could have mesozooplankton
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TABLE 1 | Phytoplankton and mesozooplankton isotope values of 3'3C and 8'°N (mean + SD; %), sample size and average differences in 8'3C and 8'°N between

mesozooplankton relative to phytoplankton per zone or transect.

Transect Zone Group n s13¢c 315N A 813C A 815N
Pag-asa transect 1 Lagoon Phytoplankton 1 —-19.2 9.0
Mesozooplankton 1 —-19.1 6.4 0.1 —-25
Back reef Phytoplankton 1 -21.9 1.4
Mesozooplankton 1 —19.1 6.9 2.9 —4.5
Reef flat Phytoplankton 1 —20.1 9.6
Mesozooplankton 1 —21.2 6.5 —-1.2 —-3.1
Fore reef Phytoplankton 1 —23.9 5.6
Mesozooplankton 1 —34.7 2.8 —10.8 —2.9
Offshore Phytoplankton 2 —20.0 £ 0.7 8.7+09
Mesozooplankton 4 —21.7+6.6 42+19 1.7 —4.5
Transect Average Phytoplankton 6 —-20.8+1.8 88+19
Mesozooplankton 8 —22.7 £6.9 48+22 -1.8 —4.0
Pag-asa transect 2 Lagoon Phytoplankton 1 —-18.1 5.5
Mesozooplankton 1 -21.0 7.4 —-2.9 1.9
Back reef Phytoplankton 1 —20.6 3.1
Mesozooplankton 1 —20.6 3.0 —0.1 -1
Fore reef Phytoplankton 1 —-17.5 5.3
Mesozooplankton 2 —20.6 £1.9 69+29 —-3.1 1.6
Offshore Phytoplankton 2 —19.2 £ 3.1 4.0+0.2
Mesozooplankton 4 —-21.1+£19 49+24 -1.9 0.9
Transect Average Phytoplankton 5 —-189+20 4.4+1.0
Mesozooplankton 8 —20.9+1.9 55+3.0 —-2.0 1.1
Sabina transect Reef flat Phytoplankton 1 —22.1 7.4
Mesozooplankton 2 —225+28 8.1 +42 —-0.4 0.6
Fore reef Phytoplankton 2 —20.1 £25 7.7+0.8
Mesozooplankton 4 —-21.0+238 7.0+£3.0 -0.9 -0.7
Offshore Phytoplankton 3 —20.5+£05 6.5+0.5
Mesozooplankton 6 —-18.9+25 6.2 +3.8 1.5 -0.3
Transect Average Phytoplankton 6 —206+1.4 71+£08
Mesozooplankton 12 —-20.3+29 6.8+ 3.6 0.4 -0.3
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FIGURE 8 | 5'°N: 3'3C biplot with convex hulls per transect: (A) Pag-asa Island Transect 1, (B) Pag-asa Island Transect 2, and (C) Sabina Shoal Transect. Symbols
represent different reef zones. Blue-yellow hulls represent phytoplankton samples, while brown hulls represent mesozooplankton.
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more directly linked to the phytoplankton through the grazing
pathway. For the mesozooplankton in other areas and Pag-asa
transect 2 in particular, the microbial and detrital pathways
could be the main sources of food. Smaller components of
the plankton (i.e., nanoplankton and picoplankton) have been
found to significantly contribute to the productivity of coral
reefs (Sorokin, 1995; Ferrier-Pages and Gattuso, 1998; Wyatt
et al., 2010). Mesozooplankton have broad and flexible feeding
strategies. Picoplankton are grazed by mesozooplankton such
as cladocerans (Lipej et al., 1997), rotifers (Sanders et al,
1989), barnacle larvae and larvaceans (Scheinberg et al., 2005;

Vargas et al., 2006), and appendicularians (Gorsky et al., 1999).
Pico-sized prey is generally viewed as inefficiently ingested
by most mesozooplankton, including copepods, as exhibited
by experiments using natural phytoplankton assemblages and
culture set-ups (Frost, 1972), since they cannot be effectively
retained by the grazer’s feeding appendages (Kiorboe, 2011).
However, field and laboratory studies have recently shown direct
consumption of substantial concentrations of picoplankton by
mesozooplankton (Wilson and Steinberg, 2010; Zhao et al,
2020). For instance, diet analysis exhibited the gut presence
of Synechococcus in zooplankters, even in the presence of
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abundant alternative food sources (Motwani and Gorokhova,
2013). Picoplankton can form aggregates with detrital material
and bacteria, thereby increasing accessibility to consumers
(Heinle et al., 1977), and reports have now indicated that
large zooplankton can also ingest relatively large quantities
of picoplankton in the form of micro-colonies and loose
agglomerates (Cruz and Neuer, 2019). Nanoplankton such
as nanoflagellates are grazed on by marine cladocerans and
veliger larvae (Katechakis and Stibor, 2004; Vargas et al., 2006).
A mesocosm experiment by Uitto and Hallfors (1997) allowed the
investigation of zooplankton grazing on nanoplankton. Meso-
(copepods and cladocerans) and microzooplankton (mostly
copepod nauplii) were able to ingest 3-70% and 1-6% of
nanoplankton daily, with specific rates varying between 3 and 9%
for mesozooplankton, and from 4 to 130% for microzooplankton.
Increasing evidence from more recent research also revealed
detrital remains of macrophytes and terrestrial plants can likewise
contribute to organic matter and consequently subsidize the
zooplankton diet (Harfmann et al., 2019; Tang et al., 2021). In
this study, these smaller plankton were not sampled but could
be contributing to the more depleted *C signature (Kukert and
Riebesell, 1998; Rolff, 2000) as part of the microbial pathway.
The other likely food source for zooplankton on these reefs is
detrital material from dead plants, animals, feces, and other non-
living organic material. The contribution of detritus to particulate
organic carbon (POC) from different coral reefs in the Pacific
range from 52 to 88% on average (Nakajima et al., 2017). In a
coral reef in Okinawa, Japan, Nakajima et al. (2017) calculated
the role of grazing and microbial food webs in sustaining
the mesozooplankton community at an average of 38.7% and
37.2%, respectively, with the remaining amount filled in by
detritus. These proportional contributions varied depending on
the season, and in this study, the influence of these pathways
could also shift depending on the reef zone and system.

The variations we have observed across and between reefs
have been associated with the observed covariation in physico-
chemical parameters, and possible biological interactions.
However, other physical factors that we were unable to
measure can also possibly influence the phytoplankton and
mesozooplankton patterns. Local-scale circulation and the
consequent advection of plankton can also contribute to
their retention or dispersal in specific areas of the reef, and
was, as mentioned above, one possible factor in the higher
phytoplankton abundances observed in the lagoons (Lowe and
Falter, 2015; Pagano et al, 2017). Tidal currents can impact
the patterns of plankton abundances in reefs (Hamner et al.,
2007). In this study though, we were unable to track the
tides and sample across a spectrum of tides due to logistical
constraints. We recommend that future work conduct longer
observations, if possible, preferably with fixed stations across the
reefs monitored for a variety of physico-chemical parameters,
including hydrodynamic conditions. This would allow better
resolution of the roles of different factors on the phytoplankton
and zooplankton distributions and interactions.

Coral reefs are sentinel ecosystems that provide us with a slew
of ecosystem services. Unfortunately, they are highly threatened
by global and local stressors, most especially within the Coral

Triangle biodiversity hotspot (Burke et al., 2012). Understanding
the functioning and productivity of these ecosystems are
important if we want to conserve better and manage them.
Recent work has highlighted the significant role of pelagic
subsidies in coral reef fish productivity (Skinner et al., 2021),
despite declines in coral cover and lower topography (Morais
and Bellwood, 2019). This also points to the potential influence
of larger-scale oceanographic productivity variations on reefs.
There has been very limited information in the Philippines, an
archipelagic country, on the coupling of benthic reefs with the
surrounding pelagic waters and tracing such trophic pathways.
In this study, we present new information on the interaction
of pelagic waters with offshore reefs through the phytoplankton
and mesozooplankton communities. Spatially distinct patterns
were apparent across reef zones and reef systems, likely mediated
by water column conditions, filter-feeding of reef organisms as
waters flow across the reefs, and mesozooplankton behavior.
The phytoplankton on these reefs are also influenced by the
different nutrient sources present. The trophic pathways for
mesozooplankton in the reefs are possibly a combination of
the grazing, microbial and detrital pathways, given that the
stable isotope signatures and correlation analysis show limited
signals from the direct grazing of the phytoplankton. More
comprehensive sampling of different food web components and
environmental conditions at different time points together with
bulk and/or compound-specific stable isotopes (McMahon et al.,
2016) would help provide a clearer picture of these trophic
relationships. This first look into the interaction of pelagic
plankton with coral reefs in the Philippines highlights the need
to further explore the significance of pelagic contributions to the
benthos across the different areas of the country, from offshore
atolls to fringing reefs.
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