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Abstract. Pollution of polycyclic aromatic hydrocarbons (PAHs) in aquatic ecosystems induced by
pyrogenic and petrogenic sources continues to degrade the quality of surface waters and sediments and
compromise the physiology, growth and population of aquatic biota. This is magnified with the archipelagic
setting and rapid socio-economic developments of the Philippines relative to its rich aquatic resources. As
such, this review paper aimed to provide nuanced understanding on the impacts of PAHs in various
Philippine aquatic ecosystems using the Driver-Pressure-State-Impact-Response (DPSIR) framework that
identifies links among documented PAH pollution and management. The DPSIR model has elicited
urbanization and industrialization, especially oil trade and industry, to be the driving forces of human
activities resulting into persistent and severe PAH pollution. Research opportunities and management gaps
have been highlighted in this synthesis. This current knowledge underscores the need for holistic
environmental biomonitoring and strict policy implementation to mitigate and prevent further PAH
contamination in aquatic ecosystems of the Philippines and neighboring Indo-Pacific countries.
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Introduction. Persistent organic pollutants in the Indo-Pacific continue to impose
environmental risks in aquatic ecosystems due to extensive use and increased
transboundary movement and transportation of these toxic substances (Bedi et al 2018;
Ishikawa et al 2019). Qil pollution in freshwater and marine environments, through fuel
combustion, industrial discharges, untreated wastewater and shipping mishaps, is known
to negatively impact aquatic systems with polycyclic aromatic hydrocarbons (PAHSs).
Exposure to these toxic pollutants compromise the physiology, reproduction, growth and
population of aquatic organisms such as crustaceans, mollusks and fishes (Hussain et al
2018; Landos et al 2021). To date, bioaccumulation and biomagnification of PAHs have
been considered as one of the global environmental threats that affect human and
ecosystem health systems across food web structures (Balcioglu 2016; Sun et al 2016;
Yakan et al 2017).

There are more than a hundred of PAHs known but 16 of which (i.e. naphthalene,
acenaphthylene, acenaphthene, fluorine, phenanthrene, anthracene, fluoranthene,
pyrene, chrysene, benzo(a)anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(a)pyrene, benzo(g,h,i)perylene, dibenzo(a,h)anthracene and indeno(1,2,3-
c,d)pyrene) have been prioritized and standardized in the environmental assessment and
monitoring of aquatic ecosystems (USEPA 1977; Alegbeleye et al 2017). These toxicants
are either formed or produced by biological and other natural processes (e.g. forest fires,
volcanic eruption) or by anthropogenic processes (e.g. automobile emissions, industrial
activities, combustion) (Latimer & Zheng 2003; Hussain et al 2018). Anthropogenic PAHs
are predominating in the environment, being concentrated in highly urbanized and
trafficked areas, and are transported via the water phases (e.g. rain, storm), then
distributed in aquatic, terrestrial and aerial environments (Neary & Boving 2011).
Consequently, the deposition of PAHs in aquatic environments such as in water column,
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river beds and marine sediments is considered to be the central path of PAHs
accumulation (Manzetti 2013).

As an archipelagic developing country, the aquatic ecosystems in the Philippines
are heavily impacted and threatened by organic pollutants driven by urbanization and
industrialization (Zafaralla et al 2005; Isobe et al 2007; Taneza & Philip 2009; Peralta et
al 2019). The freshwater and marine resources are crucial for the socio-economic
stability of coastal communities which accounts for about 85% of the country’s total
population (World Bank 2005; Briones 2007). The Philippine’s ocean-based (blue)
economy, sourced from 70% of the country’s aggregated geographical area, is valued at
US$ 966.6 billion. However, this blue economy struggles to be maximized due to
unsustainable human activities in the coast and mismanagement of marine ecosystems
(Azanza et al 2017). Holistic and national approaches on strict environmental policy
implementation and mitigation must take place at regional and global scales, consistently
with the recent call of Ishikawa et al (2019) and Landos et al (2021) on the need of
fundamental shifts in industry, economy and governance towards recovery and resiliency
improvement of aquatic ecosystems and fisheries from the persistent organic pollutants
like PAHSs.

This review paper aimed to discuss impacts of PAHs in Philippine aquatic
ecosystems. Also, this provides insights on research opportunities and management gaps
towards PAHs using DPSIR framework. This current synthesis shall guide government and
private agencies in their anti-PAHs pollution management, monitoring and prevention
strategies in the aquatic ecosystems of the Philippines.

Material and Method

DPSIR framework. Extensive review of literature has been employed to gather relevant
studies on PAH pollution and recovery in Philippine aquatic ecosystems. Standardized
keywords (i.e. polycyclic aromatic hydrocarbons; Philippines; pollution; aquatic
ecosystems) and search engines (i.e. Google Scholar; ScienceDirect) have been utilized
to obtain related research articles. These papers were analyzed using Driver-Pressure-
States-Impact-Response (DPSIR) framework which takes into account presumed and
known chain of causal relationships. DPSIR model is originally developed by the
Organization of Economic Cooperation and Development (OECD 1993) and used by the
European Environment Agency (EEA 1995) and United Nations (UNEP 1994, 2007). To
date, this approach has been one of the bases of decision-makers on environmental risks
and management of aquatic systems (Wantzen et al 2019; Labianca et al 2020). In this
review, driver corresponds to socio-economic developments driven by consumption and
production patterns. These drivers may intentionally or unintentionally exert pressure on
the environment through various human activities and concomitant pollutants.
Consequently, the state of ecosystem in terms of its biotic and abiotic condition reflects
the pressures exerted on the system. Changes in the ecosystem quality and functioning
impose impact on organisms’ health and ecosystem services. Eventually, the response
takes place through the decisions and actions of the stakeholders from the society and
government to mitigate, manage and prevent the former chained elements of the DPSIR
framework (Gari et al 2015).

Results and Discussion. Using the DPSIR framework, current knowledge and nuanced
understanding on PAH pollution in Philippine aquatic ecosystems have been provided.
Table 1 summarizes the studies that have assessed the extent of PAH pollution and
recovery in the country. These studies have dealt with freshwater (28.6%) and marine
(71.4%) ecosystems that have been contaminated with PAHs at environmental (i.e.
water and sediments) and organismal (i.e. individual and population) levels.
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Table 1

DPSIR analysis on the collated studies that assessed PAH pollution and recovery in aquatic ecosystems in the Philippines

Author Site Driver Pressure State Impact Response
Zafaralla Napindan River, Sta. Industrialization Chemical Contaminated Not assessed Assessment of
et al 2005 Cruz River, San Cristobal and urbanization production, food surface water, ecological impact
River, San Pedro River, processing, sediment, fish and
and Laguna de Bay agricultural biomagnification
activities
Embryotoxic and
Hallare et Industrialization Petrochemical Contaminated proteotoxic Ecoto>§|colog|cal
Laguna de Bay I . . . response of test testing and
al 2005 and urbanization industries sediments : ; L2
species (Danio monitoring
rerio)
Metro Manila, Bataan, Sewage and Contaminated Extensive and
Isobe et al : - N A .
2007 Cavite, Bulacan, Capiz, Urbanization petrogenic inputs green mussel Not assessed systematic
and Samar in coastal waters (Perna viridis) monitoring
Uno et al Panay Island Industrlall_zatl_on Petrogenic Cont_amlnated Not assessed Not indicated
2007 and urbanization sources bivalves
Kosmehl Industrialization Biogenic a_nd Contaminated Geno_toxm on. Ir_1 S't.u
Laguna de Bay - petrogenic ) zebra fish (Danio examination of
et al 2008 and urbanization sediments ; L
sources rerio) embryo genotoxicity
Automobile-
Saha et al . Industrialization derived Contaminated Identification of
Manila Bay e . . Not assessed :
2009 and urbanization petrogenic sediments point-sources
sources
Taneza & e Transportation Contaminated .
- . . Industrialization . Water quality o
Philip Iloilo River I and petrogenic  surface water and . Not indicated
and urbanization . degradation
2009 sources sediments
Contaminated
Pahila et Taklong Island National Oil trade and . . sediments, N
al 2010 Marine Reserve industry Oil spill oyster, squid, Not assessed Not indicated
and fish
Uno et al Guimaras and Taklong Oil trade and - Con’Famlnated I_Dotentlal health . Cor_1t|m_,|ous
) Oil spill shellfish, oyster,  risks for exposed investigation and
2010a,b Islands, Luzaran industry . o
crab, and fish consumers monitoring
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Author Site Driver Pressure State Impact Response
Extensive cleanup
Contaminated Isolated mortality operations and
Yender & . o
. . Oil trade and . . mangrove stands, and stress of monitoring,
Stanzel Guimaras Coastline . Oil spill . -
2011 industry seagrass beds, marine fauna and chemical
coral reefs mangrove species dispersant
application
Fish k|I_Is, low Closure of pond
survival, ates, application
. Nueva Valencia and . Contaminated decreased fish 9 » app
Andalencio . Oil trade and . . . ) of dispersants
Sibunag Aquaculture, : Oil spill aquaculture fish and shellfish
et al 2014 X industry . offshore, and
Guimaras and shellfish demand, !
. continuous
marketing !
flushing of water
problems
Mortality of
marine fauna and Recruitment of
mangrove mangrove
Barnuevo . . Contaminated species, seedlings, and
Guimaras Mangrove Oil trade and . : . L2
& Sadaba . Oil spill mangrove reduction of monitoring of
Coast industry
2014 ecosystem mangrove leaf long-term
size, and impacts and
increased in recovery
surging waves
Peralta & Guimaras Mangrove Oil trade and . . Contaminated Poter_ltlal health -
Serrano . Oil spill risks for Not indicated
Coast industry mangrove clam
2014 consumers
Decreased Long-term
Uno et al 0il trade and contamination in Gradual monitoring until
Guimaras Island Coast . Oil spill shellfish as ecosystem full ecosystem
2017 industry .
compared with recovery recovery has
Uno et al 2010a,b been detected
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Driver. PAHs pollution is highly driven by human activities through unsustainable
urbanization and industrialization. As a developing country, it is expected that increasing
demand and production will be accommodated by increased urban, agricultural and
industrial areas which consequently drive environmental waste and pollution (Hallare et
al 2005; Zafaralla et al 2005). Furthermore, the documented severe PAH contamination
in Philippine ocean, river and aquaculture sites were driven by oil trade and industry
which resulted to shipping mishaps in 2006 when the Solar 1 tanker has sank in the
coast of Guimaras Island (Taneza & Philip 2009; Pahila et al 2010; Uno et al 2010a,b;
Yender and Stanzel 2011; Andalencio et al 2014; Barnuevo and Sadaba 2014; Peralta &
Serrano 2014). Most recently, another large-scale oil spill has happened last July 3, 2020
due to the explosion of a floating power barge in the coast of Iloilo City, Philippines
(Rendon 2020). Regardless if the identified PAH pollution drivers were intentionally or
unintentionally induced, stakeholders must remain vigilant towards these sources,
compliant in existing environmental policies and proactive in developing contingency
plans.

Pressure. The anthropogenic sources of PAHs are more specifically categorized as either
pyrogenic or petrogenic. On one hand, pyrogenic PAHs are formed when organic
substances are exposed to high temperature under hypoxic to anoxic conditions (e.g.
distillation of coal into coke and tar). Unintentional pyrogenic processes may also occur
during incomplete combustion of vehicle and heating system fuels as well as wood during
forest fires. On the other hand, petrogenic PAHs are attributed to widespread
transportation, storage, use and disposal of crude oil and its products. Major pressures
include oil spills, underground and aboveground tank leaks and transportation-related
release of gasoline, motor oil and other fuels. (Abdel-Shafy & Mansour 2016). DPSIR
analysis has revealed that all PAH contaminations in Philippine aquatic ecosystems can be
traced back to events due to petrogenic sources such as industrial runoff, transportation-
related oil leaks and large-scale oceanic oil spills. The latter have been documented as a
total release of 2,100 tons and 170 tons of oil in the coast of Guimaras and Iloilo, in 2006
and 2020, respectively (Uno et al 2017; Rendon 2020). These incidents, on top of other
petrogenic sources, challenge the current efforts to mitigate PAH pollution in the country.

State. All 16 PAHs have been documented to contaminate Philippine aquatic ecosystems
(Table 1) including its surface waters, sediments, flora and fauna. Surface waters in both
freshwater and marine environments were detected with significant concentration of
PAHs (Zafaralla et al 2005; Taneza & Philip 2009). Similarly, high deposition of PAHs in
the sediments, seagrass beds and benthic environments have been observed (Zafaralla
et al 2005; Hallare et al 2005; Kosmehl et al 2008; Saha et al 2009; Taneza & Philip
2009; Pahila et al 2010; Yender & Stanzel 2011). Aquatic biota such as mangroves,
crustaceans, bivalves and fishes have been analyzed to contain significant concentrations
of PAHs (Isobe et al 2007; Uno et al 2007; Pahila et al 2010; Uno et al 2010a,b; Yender
& Stanzel 2011; Andalencio et al 2014; Barnuevo & Sadaba 2014; Peralta & Serrano
2014; Uno et al 2017). These ecosystem conditions reflect a significant contribution of
drivers and pressures described above.

Impact. Among the papers analyzed, 57% documented their impact assessments of the
PAHs on organisms based on experiments. Aside from water quality degradation (Taneza
& Philip 2009), mangrove and fish mortality have been observed due to an immediate
ecosystem degradation due to the oil spill incident in Guimaras (Yender & Stanzel 2011;
Andalencio et al 2014; Barnuevo & Sadaba 2014). Also, presumed impacts (e.g.
bioaccumulation and biomagnification) and risks on human health have been indicated
following the PAH contamination of commonly consumed fish and shellfish from Guimaras
(Uno et al 2010a,b; Peralta & Serrano 2014). Nearby aquaculture industries and seaweed
farms have been economically challenged during the incident, resulting to fish deaths,
decreased demands and profit, and marketing problems (Andalencio et al 2014).
Interestingly, Hallare et al (2005) and Kosmehl et al (2008) have attempted to further
understand the impacts of PAHs pollution in Laguna de Bay, using a model fish organism
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(Danio rerio). These studies have experimentally shown how the identified PAHs’
concentrations in the sediments of Laguna de Bay may induce embryotoxicity,
proteotoxicity and genotoxicity in fish embryo. These demonstrations are consistent with
the known negative impacts of PAHs on fish bone and liver metabolism, reproduction and
immunology (Reynaud & Deschaux 2006; Suzuki et al 2016; Honda & Suzuki 2020).

Response. Most of the analyzed studies (42.9%) have only recommended future
directions towards the identified driver, pressure, state and impact of PAHs in Philippine
aquatic ecosystems while 28.6% of the papers have not covered documenting or even
recommending responses towards the assessed aquatic environment or organism. The
remaining 28.6% of the papers have been able to document and recommend further
responses, addressing the state and impact determined by PAHs in the studied
ecosystems (Yender & Stanzel 2011; Andalencio et al 2014; Barnuevo & Sadaba 2014;
Uno et al 2017). The states and impacts induced by the oil spill pressure on the water
have been mitigated through extensive cleanup operations and application of chemical
dispersants. Mangrove ecosystems have been rehabilitated through recruitment and
settlement of seedlings. Affected aquaculture and seaweed farm industries in the area
were also salvaged by immediate closure of pond gates, application of dispersants and
continuous flushing of water. All these responses were enhanced through regular and
extensive ecotoxicological assessment and monitoring of affected aquatic ecosystems.
These assessment and monitoring efforts must be further reinforced in areas that have
been recently exposed to natural and anthropogenic sources of PAHs such as volcanic
eruption in a caldera of Lake Taal (Lagmay et al 2021) and oil spill due to explosion of
floating power barge in the coast of Iloilo (Rendon 2020), respectively. Both of these
freshwater and marine ecosystems serve as a critical source of open water and
aquaculture fisheries. The DPSIR model presents the driver, pressure, state, impact, and
corresponding responses on the former elements of the framework (Figure 1).

RESPONSE
DRIVER ) . S
L * Cleanup operations and site rehabilitation
Urbanization A . ; :
R W+ ¢ Ecotoxicological assessment and
Industrialization e monitorin
*
Oil Trade & Industry oo & )
o° »:| * Management and preventions
+* -
o o A
T :
v R N H
R . H
PRESSURE o IMPACT
B E .
Untreated sewage ‘.“' 0 i *  Water quality degradation
Agricultural and urban runoff s Embryotoxicity and genotoxicity
Petrogenic and biogenic s Fish kill and economic loss
*  Oil spill s * Bioaccumulation and biomagnification

STATE

Contaminated surface water
Contaminated sediments
Contaminated mangrove species
Contaminated fish and mollusks

Figure 1. DPSIR model towards PAHs pollution in aquatic ecosystems in the Philippines.

Conclusions. Using the DPSIR model, the driver, pressure, state, impact, and
corresponding responses on the former elements of the framework have been clearly
identified. Environmental pressures on aquatic ecosystems are driven by the socio-
economic developments of the country, urbanization and industrialization. This situation
increased the risks of events such as untreated agricultural, residential and industrial
effluents, vehicular fuel combustion and oil spillage. Consequently, contamination of
aquatic ecosystems with PAHs resulted into water quality degradation, fish deaths and
contamination of other biota, economic loss and human health risks relative to potential
biomagnification. Appropriate responses discussed in this review must be maintained and
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improved considering the previous and current PAH pollution scenarios. Aside from the
responses toward unintentional PAH pollution, it is imperative to address intentional
pyrogenic and petrogenic sources of PAHs. Installation of the appropriate wastewater
treatment plants in urban areas shall mitigate the discharges of organic pollutants in
various bodies of water. Most importantly, existing environmental policies and regulations
on aquatic organic pollutants including PAHs mandated by the country’s Department of
Environment and Natural Resources and Department of Agriculture-Bureau of Fisheries
and Aquatic Resources shall be strictly implemented. This review timely revisits the need
for holistic management and strong governance on the rich aquatic ecosystems of the
Philippines.
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