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Abstract The study investigates the pollution char-
acteristics of 16 priority PAHs, accumulated in cope-
pods from a major fishing harbour and its adjacent
coastal waters of Veraval, west coast of India. The
total PAH accumulation is in the range of 922.16—
27,807.49 ng g_l dw, with the mean concentration
of 5776.59 ng g~' dw. High concentrations of PAHs
were present in the copepod samples from inside the
harbour. Notably, there was no significant correlation
between the lipid content of copepods and the accu-
mulation of PAHs. The molecular diagnostic ratio
method (MDR) indicates that the PAH sources are
petrogenic in origin, while principal component anal-
ysis (PCA) points to petroleum, coal combustion and
vehicular emission sources. Total cancerous PAHs
(C-PAHs) in the study area dominate by 40% of the
total PAHs identified; moreover, the bioaccumulation
factor (BAF) is very high in the offshore area, which
is also a fishing ground. The global relevance and
magnitude of the present study in the Veraval, one of
the prime seafood exporting hubs in India, should be
dealt with utmost avidity as the accumulation status

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10661-024-12805-w.

P. Y. Kharat - M. M. Nair - P. S. Rakesh (D<) -

C. K. Haridevi

CSIR-National Institute of Oceanography, Regional
Center, Mumbai 400053, India

e-mail: rakesh@nio.org

of PAHs in the zooplankton has never been explored
in the Indian coastal waters. Moreover, the current
study gives the foremost data on the bioaccumulation
status of PAHs in copepods from the tropical waters
of India.

Keywords Copepod - POPs - PAH -
Bioaccumulation - Veraval

Introduction

Copepods are planktonic crustaceans and form
the major group of organisms in the zooplankton
community (Longhurst, 1985; Ohtsuka and Nishida,
2016; Jyothibabu et al., 2018). Within the marine
food web, copepods serve as primary consumers
that feed on phytoplankton and serve as a crucial
food source for higher trophic levels (Turner, 2004).
Copepods hold a pivotal position in the pelagic food
web and contribute significantly to the transport and
fate of persistent organic pollutants (POPs) in marine
ecosystems (Cailleaud et al., 2007; Steinberg &
Landry, 2017).

Persistent organic pollutants (POPs) encompass
a group of compounds, such as polycyclic aromatic
hydrocarbons (PAHs), which are designated as priority
pollutants by the United States Environmental Protec-
tion Agency (USEPA). PAHs have garnered world-
wide attention due to their potential risks to human
health through biomagnification, given their genotoxic,
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teratogenic and carcinogenic properties (Honda &
Suzuki, 2020; Poulsen et al., 2021). PAH compounds
are characterized by their lipophilic and hydrophobic
nature, exhibiting a high octanol-water partition coef-
ficient (Kow). Consequently, they tend to accumu-
late substantially in organic-rich sediments and biota
within the environment (Zhang et al., 2019).

Copepod species are widely recognized for their
remarkable ability to accumulate substantial reserves
of energy-rich lipids, making them some of the high-
est lipid-containing organisms in marine ecosystems
(Kattner & Hagen, 2009). According to Lee (1975),
lipid molecules constitute approximately 42 to 64% of
the dry weight of Arctic copepods. This elevated lipid
content, coupled with the planktonic nature of cope-
pods and their feeding habits, predisposes them to
accumulate polycyclic aromatic hydrocarbons (PAHs)
within their lipid and fat tissues (Berrojalbiz et al.,
2011; Harris et al., 1977). Notably, PAHs are known for
their adverse effects on organisms and their potential to
disrupt the cellular membrane function and enzymatic
systems of zooplankton (Almeda et al., 2013).

Bioaccumulation of hydrophobic  pollutants
like pesticides and PAHs in marine organisms has
been the subject of extensive research facilitated
by the use of a bioaccumulation factor (BAF) as
a critical evaluation tool (Connell, 1988; Borga,
2013). The BAF is a proxy that quantifies the ratio
of PAH concentrations in the ambient water to their
concentration in zooplankton, measured on a wet-
weight basis (Barron, 1994). However, it is worth
noting that studies investigating the accumulation
of PAHs in copepods are mainly carried out in
temperate waters, whereas Indian coastal waters
remain unaddressed. Moreover, environmental data
on the accumulation of PAHs in mesozooplankton
is minimal (Hsieh et al., 2019). The primary aim
of this research is to provide an understanding of
PAH accumulation in marine copepods from Indian
waters, particularly in the context of quantity of
accumulation. Such insights can have far-reaching
implications, not only for marine ecology but also
for human health, considering the role of seafood
consumption as a prominent route of PAH exposure.
The current study aims to shed light on the dynamics
of PAHs in marine primary consumers and their
potential impacts on the environment and human
populations. Recognizing this significant knowledge
gap, the current study is designed with the following
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objectives: (1) to assess the bioaccumulation of PAHs
in copepods from the coastal waters of Veraval, (2)
to assess the relationship between PAH accumulation
with biomass and lipid content in copepods and (3)
to find out the source apportionment of accumulated
PAHS in copepods.

Materials and methods
Study area

The state of Gujarat on the west coast of India claims
itself to be one of the most industrial-saturated states
in the country, housing the world’s largest petroleum
refinery complex, rayon manufacturing company and
Asia’s most oversized ship-breaking yard. This indus-
trial advancement and urbanized anthropogenic activi-
ties have a detrimental effect on the coastal belt, turn-
ing it into a highly polluted territory (Dudhagara et al.,
2016; Gosai et al., 2018; Mahajan et al., 2021; Rajpara
et al., 2017). The harbour city of Veraval sits along the
1600 km coastline of Gujarat and is one of the largest
fishing harbours in Asia. The primary livelihood of the
local populace in the region is fishing-related activities
with a large facility of fish processing units, and the
products are exported to several countries, including the
USA, Japan, South Asian countries, the Middle East and
Europe (Hardikar et al., 2019; Sundararajan et al., 2017).
Various studies on pollution status have been conducted,
specifically about the PAHs and heavy metals accumu-
lation in sediment and water from this location, which
revealed that Veraval harbour and its coastal areas are
exceedingly polluted zones (Nair et al., 2024b; Majith-
iya et al., 2018; Sundararajan et al., 2017).

Water quality analysis

Sea water samples collected from 15 locations from
Veraval were analyzed for salinity; dissolved oxygen
(DO), suspended solids (SS), dissolved organic carbon
(DOC) and dissolved PAHs were collected with the help
of a Niskin sampler (Hydro-Bios, Germany). Salinity
and DO were analyzed by following Mohr titration and
Winkler’s method according to Grasshoff (1983). The
gravimetric method (APHA, 2005) was used for finding
SS in the water column. The total lipid analysis of cope-
pods was carried out according to Folch et al. (1957).
The total organic carbon in the sample is determined by
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a process known as high-temperature catalytic oxida-
tion (HTCO), using TOC Analyzer (Shimadzu-TOC-L,
Japan). Standardization of the protocol was done using
potassium hydrogen phthalate as the total carbon (TC)
standard and sodium carbonate (Na,CO; — 5-500 ppm)
as the inorganic carbon (IC) standard. The sample is
fed to the instrument with a nebulizer, and their signals
are measured using a non-dispersive infra-red (NDIR)
detector (Krishna et al., 2015).

Zooplankton sample collection and taxonomic
identification

The mesozooplankton samples were collected from 15
locations within Veraval harbour and adjacent coastal
areas in March 2019 (Fig. 1). To assess and interpret the
pollution of PAH status in a better way, the study area
had been divided into three zones, as Harbour (H1-H4),
the locations consisting of depth less than 10 m as
nearshore (N5-N9) and within 20-30 m depth as off-
shore area (S10-S15). The offshore region is part of an
active fishing ground on the west coast of India. From
each location, mesozooplankton samples were collected
with the help of a Heron Tranter Net (HT net) having a
mouth area of 0.25 m? and mesh size of 200 um towed
with a boat horizontally just below the water surface for
a duration of ~4-5 min with a boat speed of ~ 1.5 knots.
The net was fitted with a calibrated flow meter (General
Oceanics, Model 2030, USA) to quantify the volume of
water filtered. Each sample collected was divided into
two subsamples by a Folsom plankton splitter (Hydro-
Bios, Germany); one portion was preserved in 5% buff-
ered formalin solution for group-level taxonomic identi-
fication according to Conway et al. (2003). The second
portion was washed with ultrapure water and filtered
through precombusted (450 °C, 6 h) GF/F (Whatman,
UK ) filter paper and stored in amber-coloured glass vials
at—20 °C for PAH analysis.

PAH extraction and analysis

Copepods were picked with hexane-cleaned forceps
from mesozooplankton samples kept at—20 °C and
freeze-dried (Labconco, USA) for 24 h, homogenized
and made into fine powder. The powdered samples
were soxhlet extracted with dichloromethane for 48 h.
Saponification process (methanolic KOH method)
was performed according to Jafarabadi et al. (2018)
to remove the lipid content from the sample. The

saponified solution was concentrated to 1 ml by using
a rotary evaporator (BUCHI, R-3) and eluted by 1:2
alumina/silica gel column with 70 ml of DCM/hexane
(2:3), concentrated and dissolved in n-hexane and dried
under a gentle stream of nitrogen to 0.2 ml in an amber
vial and kept at—20 °C until analysis (Singare, 2015).

GC-MS analysis

Sixteen EPA priority PAHs include naphthalene (Nap),
acenaphthylene (Acy), acenaphthene(Ace), fluorene
(Fle), phenanthrene (Phe), anthracene (Ant), fluoranthene
(Fla), pyrene (Pyr), benzo[a]anthracene (BaA),
chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]
fluoranthene (BKF), benzo[a]pyrene (BaP), benzo[g,
hi]perylene (BgP), dibenzo[ah]anthracene (DBA) and
indeno[1,2,3-cd]pyrene (InP), and its accumulation in
mesozooplankton in the study area was assessed. PAH
concentration in the sample was determined by using
GC-MS (Agilent 7890B-5977B) with HP-5MS column
(30 m length, 0.250 mm dia). The oven temperature was
set at 100 to 200 °C ramp at 10 °C min~" holds 1.5 min,
ramp at 25 to 250 °C (2 min) and the final temperature
300 °C and ramp at 5 °C min~! (10 min) (Nair et al.,
2024a). A selected ion monitoring mode was used to
identify the mass-to-charge ratio. High-purity helium was

used as the carrier gas with a flow rate of 0.8 ml min™"'.

Quality assurance and control

All samples were analyzed by following quality con-
trol procedures such as method blank, spiked blank
and sample duplicates. The percentage of extraction
recovery was assessed by 16 PAH congeners (Sigma-
Aldrich, CRM-104) spiked with each sample, which
varied at 81-89% (Spl. Table S1). The detection lim-
its (LODs) showed in an arrange of 0.06-0.15 ng g~
dw, and the limits of quantification (LOQs) were estab-
lished at 0.3 to 2.3 ng g~'. The measurement uncer-
tainty ranged from 4.13 to 7.54% Soxhlet extraction
method. GC residue analysis grade solvents were used
for all extractions (Sigma-Aldrich, USA). Glassware
was muffle furnaced at 350 °C, washed with GC-grade
organic solvents before use.

Bioaccumulation factor (BAF)

The bioconcentration factor means the ratio between
the accumulated PAH concentration in copepods and
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Fig. 1 Veraval coastal waters showing sampling locations
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PAHSs dissolved in the coastal waters. The formula is
given below in Eq. (1).

BAF = PAHs,,,X1000/PAHs

water

Of these, PAHs ., is the concentration of PAHs
in the copepods (ng kg~!), and PAHs,,,, is the
concentration of PAHs dissolved in the water
(Almeda et al., 2013).

Bioaccumulation involves the absorption of a
chemical by an organism through various exposure
pathways. Bioaccumulation factor (BAF) calculation

isin Eq. (2).
BAF = (ku + kfood)/(kd + keg + kmet)

In this context, k, represents the rate constant for
diffusive uptake (m® kg=' d~!), while kg, denotes
the rate constant for uptake through feeding on phyto-
plankton (m® kg™ d™!). The variable k; stands for the
rate constant for diffusive depuration (d™"), while Keo
represents the depuration rate resulting from the eges-
tion of faecal pellets and laying of eggs (d~!) (Berro-
jalbiz et al., 2009). Indeed, the BAF and BCF values
of PAHs for copepods exhibit no statistically sig-
nificant difference (p <0.01), as determined by #-tests
comparing the BAF and BCF values of each studied
PAH (Ziyaadini et al., 2016; Magnusson et al., 2007,
Fisk et al, 2001). Therefore, in this study, the BCF
equation was used to determine the bioaccumulation
of PAHs instead of the BAF equation.

Results and discussion

Physico-chemical parameters, mesozooplankton
biomass and lipid content

Physico-chemical parameters were analyzed and rep-
resented in supplementary table S2. Dissolved oxygen
(DO) was found high in offshore region (6.1-7.3+0.4
mg/L) and recorded very low at inside harbour
(0.02-1.1£0.5 mg/L). Salinity plays a major role in
the distribution of mesozooplankton and was ranged
between 24.2-36.5+3.5 PSU in the study area. Rela-
tively low salinity was observed inside the harbour
(24.2-33.1 £4.1 PSU) because of the effluents and sew-
age mixing happening in the region. Suspended solids
(SS) in the water column were showing a decreasing

trend with high values inside the harbour followed
by nearshore and offshore stations with a range of
214.6-350.4+66.3 mg/L, 28.6-128.8+46.5 mg/L and
28.2-44.2+5.9 mg/L, respectively. Dissolved organic
carbon (DOC) varied between 2.1-16.1+4.2 ppm in
the study area. High DOC were observed inside the
harbour (9.9-16.1+2.5 ppm) followed by the nearshore
(5.3-6.4+0.4 ppm) and offshore waters (2.1-4.1+0.7
ppm). Low DO, especially inside the Veraval har-
bour evolved with the sewage and waste release from
fish processing units, were recorded by Majithiya et al
(2018). The relatively high DOC values inside the har-
bour area may be due to the organic-rich waste received
from fish processing plants and sewage from the sur-
rounding regions (Figueroa-Nieves et al., 2014).

The mesozooplankton biomass (Spl. Table S3) in
the waters of Veraval ranged between 0.003 and 0.042
mL/m? (Av. 0.02 +0.014) with higher biomass in the
offshore region (Av. 0.03+0.01 mL/m?) and lower
values found inside the harbour (Av. 0.008 +0.002
mL/m>). Copepods (Av. 89.84%) were found as a
dominant taxa among mesozooplankton groups,
order Calanoida contributed maximum (67.4%) to
copepod, followed by order Cyclopoida (25.8%) and
Harpaticoida (6.8%) (Spl. Table S3). Similar observa-
tions were made by Padmavati & Goswami (1996),
Gaonkar et al. (2010) and Venkataramana et al. (2017)
in their studies on zooplankton from the coastal
waters of India. Based on rapid species identifica-
tion conducted in the copepod taxa found, Undinula
vulgaris (48.3%), Paracalanus parvus (11.8%) and
Acartia danae (7.6%) species were dominated among
calanoid copepods in the study area. In comparison to
the adjacent nearshore and offshore regions, the cope-
pod abundance in the Veraval harbour zone is notably
lower. This can be the instinctive mixing of water in
the harbour area through wind and tidal action which
has been partially inhibited by the harbour breakwater
system, resulting in the agglomeration of organic pol-
lutants and the area becomes anoxic (Majithiya et al.,
2018 ), which in turn decreases the copepod biomass
inside the harbour.

Lipids are considered the main energy reserve in
copepods. Lipid content in the copepods from Ver-
aval was in the range between 6.6 and 17.7+3.1% dry
w. during the present study period. The lipid content
present in the copepods at Veraval was found to be
lower than the lipid content present in the temperate
water copepods (Kattner & Hagen, 2009; Lee, 1975;
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Lee et al., 1971) (Spl Table S2). Our data was cor-
relating with the lipid content in copepods from the
west coast of India (Madhupratap, 1979; Goswami
et al., 2000; Jagadeesan et al., 2010). Bhat and Wagh
(1992) found high lipid content in zooplankton sam-
ples with>90% copepod population from the Bom-
bay High region, but the lipid reserve found was less
than from Veraval waters.

PAH accumulation in copepods

The accumulation of 16 priority PAHs in copepods
at Veraval coastal waters is depicted in Table 1. Total
PAHs vary in a range of 922.16-27,807.49 ng g™!
dw, and individual PAHs are distributed in an order
of Phe>Pyr>BaP > Fla> Chr>BaA >Fle>BkF>B
bF>Nap > InP> Ant>BgP >DBA > Acy. Inside the
harbour area, Phe, Ant and BaP compounds contrib-
ute a higher concentration of £PAHs than the other
two zones. A detailed literature survey has been car-
ried out to compare our results with the XPAH accu-
mulation in mesozooplankton and copepods reported
globally and presented in Table 2. The literature
collection indicated that studies on PAH accumu-
lation in Indian coastal waters are not explored and
recorded a high accumulation of ZPAHs in the cope-
pods at Veraval coast. High concentrations of PAHs

(6570.39-27,807.49 ng g~' dw) were present in the
samples collected from inside the harbour region. The
nearshore (3788.58-5706.07 ng g~! dw) and offshore
stations (922.06-4638.31 ng g~' dw) recorded less
concentrations of PAHs (Fig. 2).

Table 2 describes the accumulation of PAHs in
copepods and mesozooplankton across the globe, and
by comparing the data from Qatar, Gulf of Genova
and Port Valdez, the concentration of PAHs in copep-
ods from Veraval was found to be very high. The PAH
accumulation status in mesozooplankton from loca-
tions like Black and Marmara seas (560-2486 ng g™
dw), Eastern Mediterranean (548-1903 ng g‘1 dw),
East China sea (29-5384 ng g~' dw) and Gaop-
ing coast (5-5440 ng g~! dw) was comparable for
nearshore and offshore locations at Veraval. Hsieh
et al. (2019) describes substantial accumulation of
PAHs in zooplankton by direct sorption and by diet
in regions with mixed sources of PAH pollution.
However, it is imperative to note that a sole focus on
copepods or zooplankton may not provide a compre-
hensive understanding of PAH pollution at a specific
location. To delve into the intricacies of this phenom-
enon, we must explore the multifaceted exposure path-
ways of persistent organic pollutants (POPs) in these
myriad organisms. Copepods experience continuous
immersion in water, which facilitates the potential

Table 1 Concentration of PAHs (ng g~! dw) in copepods from the study area

PAHSs Inside harbour

Nearshore

Offshore

Nap 40.25-406.98 (212.53 +150.52)

Acy 6.95-95.72 (50.52+36.27)

Ace 7.79-94.12 (51.2+38.8)

Fle 241.87-746.26(499.69 +208.11)
Phe 1817.61-2967.21 (2240.16 +501.71)
Ant 53.42-440.82 (210.62+163.94)

70.79-705.07 (301.74 +£259.84)
13.87-30.28 (18.89+6.77)
13.03-23.28 (17.97 +6.02)
135.76-585.98 (326.10+185.85)
589.29-1574.95 (1168.31 +363.90)
37.78-101.2 (65.03 +26.03)

27.89-99.29 (57.77 +26.20)
3.08-14.31 (7.1 +£4.18)
2.0-13.58 (5.85+4.17)
26.84-131.53 (77.06 +39.90)
170.55-800.52 (469.35 +220.84)
0-102.2 (35.31 £41.37)

Fla 671.12-4298.77 (1729.86 + 1722 + 12)
Pyr 760.17-7570.08 (2764.96 +3237.22)
BaA 130.43-2786.83 (831.66 +1303.94)
Chr 404.58-3457.43 (1166.75+1528.64)
BbF 13.63-838.66 (315.01 +368.29)

BkF 258.73-1106.41 (498.2+408.3)

BaP 993.19-1517.89 (1289.96 +236.09)
DBA 14.07-110.23 (69.28 +43.83)

BgP 13.35-80.73 (44.46 +30.23)

InP 11.26-1722.95 (458.22 +843.42)

322.97-560.96 (442.69+99.01)
469.98-1038.83 (709.07 +262.15)
10.07-307.46 (129.94 + 108.66)
3.41-389.53 (197.99 + 158.22)
33.99-1408.91 (369.50 + 584.65)
148.32-353.78 (223.57 +80.96)
83.92-1110.08 (735.21 +538.13)
0-27.85 (19.21+9.72)

0-121.56 (53.48 +59.87)
4.4-215.2 (58.60+89.98)

17.17-515.2 (151.34 + 186.09)
102.8-911.08 (285.47 +313.15)
1.25-292.06 (61.74 + 113.86)
0.98-338.52 (74.38 + 131.78)
6.04-126.74 (52.99 +47.70)
20.81-192.57 (110.73 £ 63.03)
27.67-1314.08 (712.33+471.31)
0-21.88 (19.42+348)

15.53 (15.53)

0.35-179.8(38.12 +70.22)

YPAHs 6570.39-27,807.49 (124,333.08 +£10,274.36) 3788.58-5706.07 (4812.07 +£759.69) 922.06-4368.31 (2142.70+ 1381.87)
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Table 2 Comparison

i Location PAH number 2XPAHs Reference
9f PAH accumulation (ng g—] dw)
in copepods and
mesozooplankton Copepods
Coastal waters of Qatar 16 065-88.95 Nour El-Din et al.
(2001)
Gulf of Genova (Italy) 6 0.01-2.34 Pane et al., (2005)
Port Valdez (Alaska) 44 607-1313 Carls et al., (2006)
Veraval coast (India) 16 821-21,807 Present study
Mesozooplankton
Bohai Bay (China) 18 NA-644.6 Wan et al., (2007)
Black and Marmara Seas (Turkey) 19 560-2486 Berrojalbiz et al. (2011)
Eastern Mediterranean 19 548-1903 Berrojalbiz et al. (2011)
Western Mediterranean 19 57-831 Berrojalbiz et al. (2011)
Mexico Gulf 24 0.03-97.9 Mitra et al. (2012)
East China sea (China) 50 29-5384 Hung et al., (2014)
Chabahar Bay (Iran) 12 195-1479 Ziyaadini et al., (2016)
Gaoping coast (Taiwan) 50 5-5440 Hsieh et al., (2019)
Fig.2 Accumulation of
individual PAH compounds Nap
in copepods at Veraval Acy sy, OF
2500 BgP
2000
1500
Fle 1000 DBA
Phe BaP
Ant BkF

[ IHarbour (ng/g. dw)[[__| Near shore (ng/g. dw) [___] Offshore (ng/g. dw)

BbF

P Chr
2 BaA

accumulation of dissolved PAHs within their body.
Moreover, the ingestion of food particles, including
microalgae and various suspended particulate mat-
ter, serves as an additional avenue for copepods to
encounter PAHs (Almeda et al., 2013; Berrojalbiz
et al., 2009; Lotufo, 1998). These food particles, often
adsorbed and accumulated with PAHs, play a vital
role in transferring these pollutants up the food chain.
The bioavailability and subsequent uptake of PAHs

by copepods through this dietary route underscore the
intricate nature of pollution dynamics within aquatic
ecosystems. This knowledge is crucial for assessing
the potential consequences of PAH bioaccumulation
in copepods and its repercussions on the overall health
and stability of marine ecosystems. The feeding habit
of copepods from Veraval coastal waters also plays the
role for the high accumulation of PAHs, for example
gut content studies revealed the presence of natural
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particulate matter in U. vulgaris (Gerber & Marshall,
1974) and P. parvus and A. danae are known to their
diet on detritus matter and other non-phytoplankton
particles (Ezhilarasan et al., 2020; Kleppel, 1993).

In our current investigation, we sought to explore
the potential association between an organism’s total
lipid content and the accumulation of organic pollut-
ants. Contrary to previous studies, we did not observe
a statistically significant correlation (Fig. 3) between
the lipid content and the concentrations of individual
and total PAHs in copepods. Remarkably, our study
revealed a positive correlation between dissolved and
accumulated PAHs (r=0.85). Additionally, strong
correlations were evident between environmental
parameters such as total suspended solids (TSS) and
dissolved organic carbon (DOC) (r=0.96). Further-
more, correlations were observed between TSS and
dissolved PAHs (r=0.82) as well as between TSS
and copepod PAHs (r=0.59), both indicating sub-
stantial associations. Similarly, total organic carbon
(TOC) exhibited positive correlations with PAHs in

the dissolved phase (r=0.87) and within copepod
bodies (r=0.85). These findings underscore the intri-
cate interplay between environmental parameters and
the dynamics of PAHs, shedding light on the com-
plex pathways through which these pollutants are
transported and metabolized in copepod populations.
The high correlations observed emphasize the need
for a comprehensive understanding of the intricate
relationships between environmental factors and pol-
lutant accumulation in aquatic organisms.

In the ring-wise distribution of PAH compound, the
2-3-ring compound varied in 35.60-827.83 ng g~!
dw, and the 4-ring compounds vary at an average
concentration of 0.80-890.25 ng g~' dw (Fig. 4;
Spl. Table S4). The accumulation percentage of
2-ring compounds is 2.6-37.6%, 11.1-32.0% for
3-ring compounds, 6.7-61.7% for 4-ring compounds,
12.1-54.6% for 5-ring compounds, and 0.1-16.2% for
6-ring compounds in the copepods. Conforming to
the composition pattern of PAH ring number, source
determining is considered a primary identification

T.Biomass

‘I.Biomass

Population

Lipid

Salinity

DO

TSS

DOC

2. PAHSs (dissolved)

> PAHs (Copepods)

I I I [
‘ Population L -0.8 5 ; 2 ¥ E

06 08 1

-0.6

-0.4 0.4

Significant level - 0.05

Y PAHs (dissolved)

Y PAHs (Coy epods)

Fig. 3 Correlation between water quality parameters, »,PAHs (dissolved) and Y PAHs accumulated in copepods

@ Springer



Environ Monit Assess (2024) 196:711

Page 9of 15 711

Fig. 4 Ring-wise composi-
tion of PAHs in copepods at

[ 6 RING__]5RING[___]4 RING[__|3 RING[__]2 RING
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tool (Fang et al., 2003). PAHs with 4 rings were
showing high accumulation in copepods followed by
5 rings and 3 rings. High molecular weight (HMW)
PAH compounds were found to have increased con-
centrations in the zooplankton body (Berrojalbiz
et al., 2009). Lotufo (1998) and Mitra et al. (2012)
recorded HMW PAHs such as fluoranthene and pyr-
ene that once adsorbed remain in zooplankton for
longer periods. These HMW PAHs mainly originate
from the high-temperature combustion of pyrogenic
sources such as coal or vehicular exhaust; however,
low molecular weight (LMW) compounds are origi-
nated due to the low / moderate-temperature combus-
tion of coal/biomass (Mai et al., 2003; Stogiannidis
and Laane, 2014. The total concentration of carci-
nogenic PAHs (XCPAHSs) copepods is in the range
of 287.93-11,528.22 ng g~ dw (Av. 2233.85 ng g™
dw), distributed in an order of Bap>Chr>BaA>B
KF>BbF>InP>DBA. BaP, which dominates 38%
of the rest of the cancerous PAHs, varies in the range
of 27.67-1517.89 ng g~! dw and has a higher can-
cer causing potential than the others (Spl. Fig. S1).
The risk of bioaccumulation through the food web in

DI

Harbour

LI DL ORI

Near shore Off shore

Veraval is very high as the offshore area is an active
fishing ground (Zhao et al., 2014).

Source apportionment of PAHs in copepods

Molecular diagnostic ratios (MDR) proxies such as
Ant / Phe, Fla / Pyr, BaA / Chr and LMW / HMW
were used for the source apportionment (Fig. 5)
of PAHs in copepods. Source identification based
on an isometric ratio is considered a more reliable
approach to track the origin of PAHs (Yunker et al.,
2002). In this technique, the values Phe / Ant> 10,
Fla / Pyr<1, LMW / HMW <1 and Chr / BaA> 10
are considered to be of petrogenic origin, whereas
the pyrogenic source has a condition of Phe/Ant< 10,
Fla / Pyr>1, LMW / HMW>1 and Chr / BaA< 10
(Hasanati et al., 2011). Based on the Phe / Ant values,
aside from two stations (H1 and F10), the cumulation
of PAHs in all copepod samples was of petrogenic
origin. The Chr / BaA ratio from sites F10, N8, N7
and F14 are shown as pyrogenic and all others are of
petrogenic origin. The Fla / Pyr ratio indicates all the
stations except H4 are petrogenic. The LMW / HMW
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Fig. 5 Molecular diagnostic ratios of PAHS in copepods from the study area

ratio indicates that all the stations other than F10 are
petrogenic. In brief, based on different MDR ratios,
the PAHs accumulated in the copepods are mainly
from petrogenic source, which leads to the high num-
ber of fishing boats present in the harbour.

Another approach for source identification is by
representing the variability minimum factors (prin-
cipal components) of the individual PAHs in each
sample using the principal component analysis (PCA)
tool (Dudhagara et al., 2016; Zheng et al., 2016). The

Kaiser-Meyer—Olkin (KMO) test was used to con-
firm the applicability of PCA, and a df value of 91
was obtained. The compounds such as DBA and BgP
were not detected in copepod samples from most of
the offshore stations. Subsequently, the PCA test was
conducted with 15 samples and 14 PAH compounds,
excluding previously undetected compounds, resulting
in extracting 2 principal components with 83.81% total
variability. The varimax rotated factor loading of PAH
concentration in mesozooplankton is plotted in Fig. 1.
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PC1 shows 69.85% of the variance with high molecu-
lar compounds such as InP, BKFF, BaA, Chr, Pyr, and
Fla, and low molecular compound Ant show higher
loading (>0.9) (Fig. 6). It can be assumed that the
high loading of the HMW compound is mainly from
the vehicular sources (Larsen & Baker., 2003; Jiang
et al., 2009), and InP and BnF are generally originated
from diesel/gasoline engine emissions (Harrison et al.,
1996). The distribution of high Pyr and BaA load-
ing also leads to the possibility of coal combustion
(Larsen & Baker., 2003; Sofowote et al., 2008). Low
molecular weight compounds Phe, Ale and Acy indi-
cate moderate loading (0.7-0.8) giving mixed source
response of coal combustion and vehicular emission
(Chen et al., 2005), while Fle, BaP and BbF show
weak loading (0.2-0.4). Nap has a high loading with a
13.96% variance in PC2 which indicates the presence
of oil leakage or spill as the source (Bao et al., 2021;
Dobbins et al., 2006; Marr et al., 1999).

Concisely, most molecular isomeric ratio values dem-
onstrate petrogenic origin at most stations, while in PCA,
it changes into a mixed source response. PAH accumula-
tion in copepods is mainly through passive exposure and
dietary intake (phytoplankton and suspended organic-
rich particles); however, PAH compounds, which are
subjected to biotransformation and elimination process
in the copepod body, affect the source identification. Fur-
thermore, copepods are the floating and drifting organ-
isms, and their movements greatly depend on water

current, and tide making site-specific source identifica-
tion impossible, unlike the sediment. In such a case, the
result obtained from the visible sources (ground truth
data) along with the molecular diagnostic ratio and PCA
in the study area can be interpreted (Qi et al., 2019). The
presence of engine oil, diesel and kerosene from fishing
vessel operations and boat maintenance area in Veraval
harbour can be considered a strong petrogenic source of
PAHSs, while the influence of fly ash from a coal-based
thermal power plant functioning 2.6 km west of the har-
bour area is considered a strong pyrogenic source. Apart
from this, municipal sewage discharged into the inner
harbour region is also considered a pyrogenic source of
PAHs in the study area.

Bioaccumulation factor (BAF) of PAHs in copepods

The bioaccumulation factor in this study means the
ratio between the accumulated PAH concentration in
copepods and PAHs dissolved in the coastal waters.
The formula is given below.

BAF=PAHs,,, X 1000/ PAHS ;¢

Of these, PAHs,, is the concentration of PAHs in
the copepods (ng kg™!), and PAHs,,,., is the concen-
tration of PAHs dissolved in the water (Almeda et al.,
2013). The BAF value of PAHs in copepods at Veraval
harbour and its adjacent area is given in Fig. 7. Accord-
ing to this, the BAF value of BaP can be seen to domi-
nate all the areas. The BAF value in the harbour area

Fig. 7 BAF values in cope-

pods from different zones at 120
Veraval coastal waters
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is mainly varied in the order of BaP > IND > Phe > BkF
and Bap > InP> Chr>BaA in the nearshore region and
BaP>Fla>Pyr>BbF in the offshore region, respec-
tively. The BAF values of Nap, Acy and Ace, which
have low molecular weight, are found to be low at
all stations. In general, the BAF values were found
higher in the offshore region than nearshore and har-
bour region. However, since PAH compounds with
higher molecular weight could not be traced in some
of the offshore stations, BAF values in these areas
have not been derived. The log BAF and log K, val-
ues in the study area imply a linear relationship (Spl.
Fig. S2) (Almeda et al., 2013; Meador et al., 1995).
The lower availability of PAHs and their lipophilic
and hydrophobic nature indicate an association with
bioaccumulation. Not only that, the metabolism and
depuration rate of individual PAHs depends upon its
chemical properties (Cailleaud et al., 2009; Juhasz &
Naidu, 2000). Therefore, in some copepod species, the
“Nap” excretes instantly, while flu, Pyr and BaP sustain
for a prolonged period in the zooplankton body (Harris
et al., 1977 ; Lotufo, 1998; Mitra et al., 2012).

Conclusion

Research concerning the accumulation of PAHs in
copepod taxa within tropical waters has been conspicu-
ously scarce, with a particular dearth of data for Indian
coastal waters. This study significantly contributes to
this knowledge gap by recording the concentration of
PAHs in copepods from the Veraval coastal area. The
findings, as determined through molecular diagnostic
ratio (MDR) and principal component analysis (PCA),
elucidate the pivotal role of emissions stemming from
fishing vessels, operations at fishing crafts repair cen-
tres, and the influence of a coal-based thermal power
plant located in close proximity to the harbour in driv-
ing the accumulation of PAHs within the Veraval
region. Furthermore, the noteworthy bioaccumulation
factor (BAF) of benzo(a)pyrene, a known carcino-
genic PAHs, was discovered to exhibit alarming levels
in offshore copepods. This discovery underscores the
pressing concern of the trophic transfer of these carci-
nogenic PAHs through the food web. The present study
clearly establishes copepods as a valuable test organ-
ism for evaluating PAH accumulation within the pri-
mary consumer trophic level within marine ecosystems.

@ Springer

Therefore, further research on copepods is warranted
to comprehensively assess their role in accumulating
persistent organic pollutants and other emerging con-
taminants in coastal environments. Such investigations
establish a direct link to the cycling of these persistent
pollutants within higher trophic levels, offering criti-
cal insights into the ecological impact of PAH accu-
mulation in this fishing ground and nearby coastal
ecosystem.
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