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alampaya Sound is an enclosed bay in Pala-

wan, Philippines. A salinity maximum or salt

plug was discovered in the middle of the

Sound by a field survey in May 2005 and suc-

cessfully simulated using a Delft3D numerical
model of the sound, forced with tide and freshwater discharge at
the lateral boundaries, and evaporation at the surface. Different
conditions to simulate the major monsoonal regimes of 2005
(dry inter-monsoon, southwest-wet, and northeast-dry) indicate
that the salt plug persists, although its relative position changes
with the magnitude of freshwater discharge. The salt plug effec-
tively limits the exchange of water between the Inner and the
Outer Sound, which may account for differences in nutrient lev-
els and the phytoplankton assemblage during the same survey.
Such a thermohaline circulation has important consequences for
sediment transport, phytoplankton bloom formation, and accu-
mulation of pollutants in the Sound.
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INTRODUCTION

Salt-plug estuaries, relatively uncommon among the world’s
estuaries, include the Gulf of Fonseca in Honduras (Valle-
Levinson and Bosley 2003) and the Bay of Guaymas in Mexico
(Valle-Levinson et al. 2001). Characteristically, they each have
two vertical thermohaline cells: an inner typical freshwater-
estuarine circulation and a seaward reverse estuary. High evapo-
ration rates coupled with long residence times produce a salt
plug, or surface salinity maximum in the estuary. Formation of a
reverse estuary in the seaward portion of an estuary modifies its
transport pattern, reducing flushing of its inner portion and
modifying the transport of nutrients and other substances within
it.

Malampaya Sound is a shallow embayment in northwestern
Palawan, Philippines that opens northwestward to the South
China Sea (Figure 1). The bay narrows in its middle portion,
which also contains a group of small islands that demarcates the
shallow Inner Sound from the deeper outer portion. Draining
into the Sound’s southeast portion is the Abongan River, esti-
mated to discharge about 200 x 10° m’ annually or at a rate of
6.3 m’ s (Alejandrino et al. 1976). November to April is the dry
season of the northeast monsoon, and the wet southwest mon-
soon lasts from June to October.

Malampaya Sound is a unique estuary in the Philippines.
Specimens of the rare Irrawaddy dolphin have been reported in it
(Dolar et al. 2002). In July 2000, it was proclaimed a protected
area for its rich waters and potential for shellfish production and
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Figure 1. Location and bathymetry of Malampaya Sound, Pala-
wan, Philippines.

tourism. Shellfish farms, particularly of green mussels (Perna
viridis), abound, especially in the Inner Sound; however, harmful
algal blooms have been reported there as early as 1998 (Bajarias
et al. 2006). Most research in Malampaya Sound has been con-
cerned with plankton (Estudillo 1987, Borja et al. 2000), nutrient
distributions (David et al. 2008), and sedimentation rates
(Sombrito et al. 2004). The observed nutrient and plankton dis-
tributions appear consistent with the salt-plug estuary character-
istics of the Sound, even for only certain periods of the year.

This paper describes the salt-plug hydrodynamics of Ma-
lampaya Sound from field data and a numerical model, and ex-
amines the implications of the circulation for the nutrient distri-
bution and phytoplankton composition.

MATERIALS AND METHODS

Field Survey

During field work on 23-24 May 2005, temperature, salin-
ity, chlorophyll, and surface currents were measured at 21 sta-
tions. A SEACAT SBE19 Conductivity-Temperature-Depth pro-
filer with a Turner SCUFA fluorometer gathered data for con-
structing vertical profiles of salinity, temperature, and chloro-
phyll. The CTD is equipped with a thermistor probe (with 0.01 °
C accuracy), a conductivity cell (with 0.001 Siemens m™ accu-
racy), and strain gauge pressure sensor (with 12.5 psi accuracy),
all factory-calibrated to derive temperature, salinity in practical
salinity units or psu (based on ratio of conductivity of sample
and conductivity of known standard), and depth in meters. Read-
ers are referred to the Seabird website (http://www.seabird.com/
sbel9plusv2-seacat-ctd) for visualization and further information
on CTDs. The attached fluorometer on the other hand has an
ultra Bright Blue LED light source and a photodiode detector for

measuring in vivo fluorescence of chlorophyll a of phytoplank-
ton, also factory-calibrated to convert fluorescence to concentra-
tions of chlorophyll a in ug L™'. Surface currents were measured
using a holey-sock drogue with an attached handheld GPS that
logs coordinates every 5 seconds, with current speed and direc-
tion derived from start and end point locations after 1 minute.
After each drogue release, wind speeds and directions were also
measured by a handheld anemometer and compass. At 10 of
these stations, water samples were also collected with a Niskin
sampler and stored frozen for nutrient analysis, and filtered onto
GEF/F filters with the filters frozen for chlorophyll analysis in the
laboratory. Phytoplankton samples were collected using a plank-
ton net (30 cm diameter with 25 pm mesh size) and preserved
with Lugol’s solution.

Laboratory Analyses

In the laboratory, the water samples were analyzed for nutri-
ents using a San Plus Skalar Autoanalyzer, following the method
of Strickland and Parsons (1972), while chlorophyll a was ex-
tracted from the filtrate and measured following JGOFS protocol
(Knap et al. 1996) to calibrate the conversion factor of fluores-
cence to chlorophyll a concentrations. Phytoplankton were iden-
tified and counted under a microscope. After appropriate dilu-
tions, 1-ml aliquots containing at least 100 cells were transferred
to a Sedgewick Rafter counting chamber. Cells were identified
mostly to genus, or to species level whenever possible, based on
the phytoplankton guide of Tomas (1997). Two-way Indicator
Species Analysis or TWINSPAN was used for the phytoplankton
data to characterize the spatial distributions, TWINSPAN being
a simple statistical method for identifying spatial patterns based
on presence or absence of species.

Model Setup

To simulate the estuarine circulation in Malampaya, a nu-
merical model was developed using the open-source, modular
Delft3D Software. The Delft3D Flow module calculates two- or
three-dimensional flow by finding solutions to the basic equa-
tions of fluid motion that follows the laws of conservation of
mass (continuity equation), momentum (Navier-Stokes equa-
tion), heat, and salt. The software is especially well-suited for
coastal, river, and estuarine areas because it can take into ac-
count tidal forcing at the lateral boundaries, atmospheric ex-
change of heat, freshwater and momentum at the surface, pres-
sure and density gradients, and the Coriolis effect due to the
Earth’s rotation (Delft Hydraulics 2013). It can account for time-
variant sources and sinks such as river discharge and evapora-
tion, and it can model transport of salt, heat, and other conserva-
tive constituents. It has been shown to simulate realistic hydro-
dynamics in various seas and estuaries, with one study that
yielded model results in reasonable agreement with data of the
seasonal thermal cycle in the South China Sea (Twigt et al.
2007).

The model domain is a 300 x 300m rectangular grid with 6
vertical layers that vary in thickness depending on the depth,
otherwise known as the c-coordinate system. The forcing pre-
scribed at the open boundaries was based on sea level fluctua-
tions with 8 tidal harmonics: O;, K;, Py, Q; with diurnal fre-
quency, and M,, S, N,, K, with semidiurnal frequency. The am-
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Figure 2. Salinity and temperature distribution at the surface and across the Malampaya Sound (from outermost sampling station to

station nearest Abongan River).
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Figure 6. Simulated current patterns in Malampaya Sound using tide only as forcing.

plitude and phase values at the open boundaries were obtained
from Magno’s (2005) regional tide model by using the Oregon
State University Tidal Inversion Software (OTIS). Different
simulations were made to account for the effects of tide only,
tide with river discharge, and tide with river discharge and sur-
face heat flux.

Actual freshwater discharge data were lacking; thus, mean
discharge for Abongan River of 6 m’ s’ normalized with
monthly precipitation data from the TRMM satellite was used to
simulate dry and wet seasons. For the heat flux model, the heat
exchange at the free surface was modeled taking into account the
separate effects of both short- and long-wave radiation, back-
radiation heat loss, evaporation, and convection. Actual nearby
meteorological data were also unavailable, and so prescribed
solar radiation, air temperature, relative humidity, and wind data
were obtained from the National Centers for Environmental Pre-
diction (NCEP) and the National Center for Atmospheric Re-
search (NCAR) reanalysis model (Kalnay et al. 1996). At the
open boundaries, the salinity of seawater is assumed to be uni-
form, and temperature is assumed to show a 10-m step change
from surface to bottom values. Table 1 summarizes the physical
parameters used in the model runs. Run time was 45 days to al-
low for spin-up and to span spring- and neap tide-variations.

RESULTS AND DISCUSSION

During the May 2005 sampling, salinity was highest (34.3)
at the middle portion of the sound and lower at both the mouth
and head of the sound (Figure 2). At the outermost station, salin-
ity was 33.9, typical for South China Sea surface waters, while it
was 32.3 at the innermost station, most likely diluted by the
Abongan River. Temperatures were more than 1 °C cooler at the
outermost stations. The along-estuary section shows weak verti-
cal temperature and horizontal salinity gradients all throughout
the Sound.

Surface currents mostly oscillated with the tides despite
persistent eastward winds (Figure 3). Surface current measure-

ments were too limited to resolve the tidal variations, although
all ebb and flood measurements respectively showed down-
stream and upstream flow. Tidal dominance is expected in long
and narrow embayments such as Malampaya Sound.

Chlorophyll values were generally higher (>0.36 ug L) in
the vicinity of the river, and both nitrogen and phosphorus were
generally higher in the middle of the sound (Figure 4). Phyto-
plankton were more abundant in the Inner Sound. TWINSPAN
analysis of phytoplankton composition showed three groupings:
Outer Sound stations; stations in the middle part of the Sound;
and Inner Sound stations near the Abongan River (Figure 5).

Numerical Modeling

The surface velocity fields for flood and ebb tides as well as
the net flow over a spring neap cycle are shown in Figure 6. If
forced only by tides at the mouth, ebb and flood currents were
nearly symmetrical, and tidally averaged flow inside the sound is

Table 1. Computational parameters of the hydrodynamic model.

Physical Parameter Value

Grid size (Ax = Ay)
Vertical coordinate

300m
0, 6 layers with thickness 10%, 20%,

Time step 05s
Horizontal eddy
viscosity and 10mzs?
diffusivity Sm2st
Vertical eddy
viscosity and k-€ model
diffusivity
River discharge 6 m3 st (2m3 st for dry

and 10 m3 s for wet season)
Sea level, 8 tidal constituents
(O1, Ki, P1, Q1, M2, Sz, N2, K2)

Open boundary
Condition
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Figure 7. Salt plug in Malampaya Sound as shown by field sampling and simulations.
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almost nil, especially because Cagbalalu Island impedes tidal
currents at the mouth (Figure 6). Simulation with tides and fresh-
water discharge set at 6 m® s™' shows a salinity gradient that in-
creases from the Inner to the Outer Sound, and a net outward
flow of the surface layer but almost no net flow for the bottom
layer. No salinity maximum is observed in the middle of the
sound.

When simulation includes the effect of evaporation through
the heat flux model, a salt-plug forms at the middle of the Sound.
It moves outward when freshwater discharge is high, such as in
August, and moves inward when discharge is low, like in De-
cember (Figure 7). Net tidal flow inside the Malampaya Sound is
still very low but, interestingly, there is almost no horizontal
flow in the vicinity of the salt-plug, whereas the Inner Sound
exhibits a net outward surface flow and an inward bottom flow
(Figure 8). The salt plug limits water from entering and leaving
the Inner Sound. This, coupled with the breadth of the Inner
Sound, maintains a recirculating gyre within it.

First reported by Wolanski (1986), salinity-maximum zones
or salt-plugs occur in Australian estuaries due to high evapora-
tion rates. In the Philippines, Malampaya Sound is the first
known instance of a bay or estuary with a similar salinity distri-
bution. We hypothesize that the narrow and elongated shape of
the Sound, combined with the high evaporation rate during the
dry season (April-May), induces salt-plug formation. It is unfor-
tunate that pan-evaporation rates are not available in the area to
test this idea.

Circulation in estuaries is strongly influenced by tides, but
the presence of a salt-plug implies the presence of two thermoha-
line cells, with flow on one side of the salt plug driven by fresh-
water input and the other driven by exchange with the open sea
(Wolanski 1986). This salt-plug circulation was simulated
through the DELFT3D model when accounting for the effect of
the tides, freshwater discharge, and heat flux. Our model, how-
ever, shows only the riverine gyre, but clearly reproduces the
near-zero flow in the vicinity of the salt plug. The salinity-
maximum zone thus effectively limits the exchange of water
between the Inner and the Outer sound, and may cause long-term
trapping of dissolved and particulate matters in the estuary. Our
nutrient analysis supports this, because the waters in the mid-
section of Malampaya Sound tend to contain and accumulate
nutrients. Furthermore, David et al. (2008) have shown that nu-
trients are more abundant in a sediment core taken from the mid-
dle of the Sound than in cores taken either in the Inner, or the
Outer, Sound. Sediment trapping was also reported by Sombrito
et al. (2004), indicated by sedimentation rates of 2 and 4 cm yr”
in the middle of the Sound compared to only 0.8 cm yr™' in the
Inner Sound and only 0.2 cm yr™' in the Outer Sound.

The salt plug and its tendency to trap sediment and nutrients
may have ecological impacts, especially on phytoplankton distri-
bution. In essence, the salt plug allows only very limited en-
trance of oceanic water into the inner reaches of the sound and
very little discharge of river water into the sea. This effect was
alluded to by Wolanski (1986), but he presented no data to ex-
pound on the ecological impacts.
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Phytoplankton in the Sound are distributed into three dis-
tinct assemblages: in the area of the salt plug, the Inner Sound,
and the Outer Sound. A bloom of Noctiluca scintillans was
found in the middle of the Sound, but not Navicula spp. A two-
gyre circulation implies that a downwelling current prevails in
the area of the salt-plug and the dinoflagellate Noctiluca, but not
the pennate diatom Navicula, may prefer this.

Limited transport of oceanic and riverine waters through the
salt plug may also have negative environmental consequences
because it can cause pollutants as well as nutrients and sediments
introduced by the Abongan River to accumulate in the Inner
Sound. One positive consequence, however, is that incoming
oceanic materials can only reach the Outer Sound and are easily
flushed out. This may be one reason why Malampaya Sound was
not affected by the Palawan-wide bloom of Cochlodinium in
March 2005 (Azanza et al. 2008). In our study, one example of
phytoplankton that occurred only in the Outer Sound was the
nitrogen-fixing cyanobacteria Trichodesmium.

CONCLUSIONS

The geochemical characteristics of an estuary are strongly
influenced by hydrodynamics. In Malampaya Sound, a salt plug
forms during the dry periods when evaporation rates are rela-
tively higher and river discharge rates are minimal. So far, this
situation is unique to Philippine estuaries. The salt plug limits
water exchange between the Inner and Outer sound, and most
likely accounts for the difference in their nutrients and sedi-
ments, as well as the distinct grouping of phytoplankton in the
Inner and Outer Sound. It may also be responsible for the pre-
vention of the spread of the 2005 bloom of Cochlodinium into
the Sound. There is also a negative environmental consequence
because the salt plug traps pollutants from the Abongan River in
the Inner Sound.

ACKNOWLEDGEMENTS

This study was funded by the Philippine Department of Sci-
ence and Technology (DOST) through the Program entitled
“Development and Application of Predicting, Controlling and
Mitigating (PCM) Techniques for Harmful Algal Blooms
(HABs) in Selected Mariculture Sites in the Philippines”. The
authors are thankful to Mr. Garry Benico for additional insights
in the discussion. Special thanks are also due Dr. Kelvin Rodolfo
for his insightful comments as a reviewer.

CONFLICT OF INTEREST

None

CONTRIBUTION OF INDIVIDUAL AUTHORS

Cabrera, OC: Data Collection, Model set-up, Physical data
analysis, TWINSPAN, Write-up. Villanoy, CL: Project Concep-
tualization, Data Collection, Model set-up, data analysis, Write-

up. Jacinto GS: Data Collection, Chemical data analysis.
Bernardo, PL: Model set-up. Ferrera CM: Data collection, phyto-
plankton identification and counting. Velasquez I: Data
collection, Chemical data analysis. Azanza RV: Data collection,
phytoplankton analysis.

REFERENCES

Alejandrino AA, Diaz ML, Bruce RC, Basilio AP, Yiiguez CE,
Salas RG. Principal River Basins of the Philippines. Na-
tional Water Resources Council Report No. 4. NWRC.
1976. Quezon City.

Azanza RV, David LT, Borja RT, Baula IU, Fukuyo Y. An ex-
tensive Cochlodinium bloom along the western coast of
Palawan, Philippines. Harmful Algae 2008; 7: 324-330.

Bajarias FF, Relox J, Fukuyo Y. PSP in the Philippines: three
decades of monitoring a disaster. Coast Mar Sci 2006; 30
(1): 104-106.

Borja VM, Furio EF, Rodriguez AK. Horizontal and vertical
distribution of Pyrodinium bahamense cysts in sediments of
Malampaya Sound, Palawan, Philippines. HAB 2000 Con-
ference, Tasmania, Australia 2000; (Abstract http://
info.utas.edu.au/docs/plant_science/HAB2000/
poster_abstracts/docs/Borja_VM.html).

David CP, Sta. Maria YY, Siringan FP, Reotita JM, Zamora PB,
Villanoy CL, Sombrito EZ, Azanza RV. Coastal pollution
due to increasing nutrient flux in aquaculture sites. Environ
Geol 2008; 58(2): 447-454.

Delft Hydraulics. Delft-3D Flow, User Manual: Simulation of
multi-dimensional hydrodynamic flows and transport phe-
nomena, including sediments, V. 3.15.26466, 2013. Delft,
Netherlands.

Dolar MLL, Perrin WF, Gaudiano JP, Yaptinchay AASP, Tan
JML. Preliminary report on a small estuarine population of
Irrawaddy Dolphins Orcaella brevirostris in the Philippines.
Raffles Bull Zool 2002; Supplement Ser 10: 155-160.

Estudillo RA, Gonzales CG. The seasonal variation and distribu-
tion of zooplankton, fish eggs and fish larvae in Malampaya
Sound. Phil J Fisheries 1987; 20: 1-43.

Kalnay E, Kanamitsu M, Kistler R, Collins W, Deaven D, Gan-
din L, Iredell M, Saha S, White G, Woollen J, Zhu Y, Chel-
liah M, Ebisuzaki W, Higgins W, Janowiak J, Mo KC,
Ropelewski C, Wang J, Leetmaa A, Reynolds R, Jenne R,
Joseph D. The NCEP/NCAR 40-Year Reanalysis Project.
Bull Amer Meteor Soc 1996; 77, 437-471.

Knap A, Michaels A, Close A, Ducklow H, Dickson A, eds. Pro-
tocols for the Joint Global Ocean Flux Study (JGOFS) Core
Measurements. 1996. JGOFS Report Nr. 19, vi+170 pp.
Reprint of the IOC Manuals and Guides No. 29, UNESCO
1994.

Magno MM. Tidal patterns of Philippine waters inferred from a
barotropic model. In: Estimation of Entrainment Potential in
Philippine Coastal Waters: The Physical Consequence of
Island Wakes and Eddies. 2005. MSc. Thesis, Univ. Philip-
pines. Diliman, Quezon City.

Sombrito EZ, Bulos AdM, Sta Maria EJ, Honrado MCV, Azanza
RV, Furio EF. Application of *'°Pb-derived sedimentation
rates and dinoflagellate cyst analyses in understanding

Vol. 7 | No. 2 | 2014

Philippine Science Letters 436



Pyrodinium bahamense harmful algal blooms in Manila Bay
and Malampaya Sound, Philippines. J Environ Radioactiv
2004; 76: 177-194.

Strickland JDH, Parsons TR. A practical handbook of sea-water
analysis. Bull Fish Res Board Can 1972; 167: 311 pp.

Tomas CR. Identifying marine phytoplankton. Academic Press,
California 1997; 858 pp.

Twigt DJ, Goede ED, Schrama EJO, Gerritsen H. Analysis and
modeling of the seasonal South China Sea temperature cycle

using remote sensing. Ocean Dyn 2007; 57: 467-484.
Valle-Levinson A, Bosley K. Reversing circulation patterns in a
tropical estuary. J Geophys Res 2003; 108(C10): 3331.
Valle-Levinson A, Delgado JA, Atkinson LP. Reversing water
exchange patterns at the entrance to a semiarid coastal la-
goon. Est Coast Shelf Sci 2001; 53: 825-838.

Wolanski E. An evaporation-driven salinity maximum zone in
Australian tropical estuaries. Est Coast Shelf Sci 1986; 22:
41-24.

437 Philippine Science Letters

Vol. 7 | No. 2 | 2014



