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Hypoxic events are becoming frequent in some estuaries and coastal waters due to
over-enrichment of anthropogenic nutrients, organic matter, and/or due to restricted
water circulation. The coastal lagoons and estuaries of Sri Lanka are facing high
population pressure and lacking sufficient infrastructure. Coastal lagoons may receive
high anthropogenic inputs of natural or untreated nitrogen and phosphorus wastes,
and consequently result in hypoxic conditions while sluggish circulation occurred. In
this study, we examined the spatiotemporal variability of eutrophication and hypoxia in
the Negombo Lagoon, one of the most productive and sensitive coastal ecosystems
in Sri Lanka. Based on seasonal measurements of dissolved oxygen, nutrients,
chlorophyll-a (Chl-a), particulate and dissolved organic carbon (POC and DOC),
we concluded that eutrophication and hypoxia occurred in both the dry and wet
seasons. The main contributing factors were high seawater temperature and poor water
circulation in the dry season and high nutrient loading combined with elevated POC and
DOC inputs in the wet season.

Keywords: hypoxia, eutrophication, organic pollution, nutrients pollution, Negombo Lagoon

INTRODUCTION

Sensitive coastal ecosystems such as wetlands, lagoons, and barrier-built estuaries are threatened by
a combination of both marine and/or river discharge factors such as elevated seawater temperature,
nutrient pollution, organic matter loading, and/or sediment inputs from turbid river waters
(Hoegh-Guldberg and Smith, 1989; Hoegh-Guldberg et al., 2007; Mayfield et al., 2013; Breitburg
et al., 2018; Cziesielski et al., 2019). Anthropogenic loading of nitrogen and phosphorus in
particular has led to the proliferation of pelagic and benthic algal species that are not readily
consumed and thus represent a burden in terms of their eutrophication potential (Andersen et al.,
2006; Yan et al., 2021). In turn, the microbial respiration and decomposition of this biomass leads
to increasing rates of oxygen consumption (Kemp et al., 2005) and oxygen concentrations decrease
to less than 2 mg L−1, the level not suitable for fish, shrimp, or crab (Renaud, 1986). In many of
these ecosystems, hypoxia has indeed become a frequent seasonal or persistent feature.

Most hypoxic zones in coastal habitats can be directly linked to population growth and
increasing industrial and tourism activity which generates industrial and municipal wastes and
results in increased terrestrial fluxes of nutrients (Diaz and Rosenberg, 1995; Steckbauer et al.,
2011). This type of eutrophication is most commonly seen in estuaries, coastal and marginal sea
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areas such as the Changjiang estuary (Wei et al., 2007), the East
China Sea (Chen, 2008; Chen and Guo, 2020; Chen et al., 2020,
2021), the Shenzhen Bay (Yan et al., 2021) and the Gulf of Mexico
(Rabalais et al., 2001; Bianchi et al., 2010). In most of these
regions, anthropogenic eutrophication has results in hypoxia.

The Negombo Lagoon is a shallow basin estuary running
parallel to the west coast of Sri Lanka. It has an average
water depth of less than 2 m and covers an area of
approximately 32 km2. At its northern end, it connects to
the Indian Ocean through a narrow channel (Figure 1). At
its southern end, it is connected to the Muthurajawela marsh
(Samarakoon and Van Zon, 1991; IUCN, 2013). Negombo
Lagoon receives freshwater from Attanagalu Oya as well as
from Ja-Ela. In addition, the Hamilton canal brings freshwater
from the Kelani River into the lagoon. The total freshwater
discharge ranges from 20 to 225 m3 s−1, with the Attanagalu
Oya contributing over 70% (Rajapaksha, 1997; Amarasinghe
et al., 1999). Negombo receives rainfall from the South-western
monsoon from April to June and September to December
(>200 mm/month, wet season) and there is little precipitation
(less than 100 mm/month) during the remaining months (dry
season) (Department of Meteorology, Sri Lanka and Devendra,
2002; Figure 2A).

Negombo Lagoon is a part of a larger coastal wetland
along with Muthurajawela marsh. The lagoon and its associated
sensitive habitats such as mangrove and sea grass beds provide
an array of ecosystem services also serves as a shrimp and
fish nursery and a nutrient source for the coastal waters. The
Negombo lagoon has been one of the most productive coastal
ecosystems which support important fishery (DFAR, 2012a).
Negombo has an active fishery industry and it contributes 16%
for Sri Lanka fish production with 80% of marine fish and 20%
of lagoon fish (Urban Development Authority, 2019; Figure 2B).
The Negombo fish market, situated in the lagoon, is a potential
pollution source within the lagoon, but organic wastes from the
fish market are discharged directly into the estuary and the data
are not measured.

The population in Negombo area is continuously increasing
from 60,000 in 1950 to 161,484 in 2020 (Figure 2C). The area
around the Negombo Lagoon attracts nearly 350,000 tourists
annually and concentrates 32% of all domestic tourist visits in
Sri Lanka (Urban Development Authority, 2019; Figure 2D).
Food waste and untreated human waste from heavily populated
areas as well as from hotels situated in the Negombo Lagoon
catchment (Malawaraaratchi, 2003) add up to very significant
inputs of nutrients and organic matter which contribute to the
overall degradation of water quality.

The presence of these pollutants and the subsequent eutrophic
conditions may result in depletion of dissolved oxygen which
is thought to be responsible for the fish kill events reported
in the lagoon and surrounded waters (Dahanayaka et al.,
2012; Narangoda et al., 2015; National Aquatic Resources
Research and Development Agency, 2019). Dahanayaka et al.
(2012) reported elevated chlorophyll-a (Chl-a) concentrations
in the dry season as evidence for the above sequence
of events, but nutrient and dissolved oxygen (DO) data
were not available.

Here we report on the results of three seasonal surveys
conducted along the main axis of the lagoon and extending
into the adjacent coastal zone. We examined hydrodynamics,
dissolved oxygen, nutrients, dissolved and particulate organic
carbon across the full salinity mixing gradient between freshwater
and seawater in order to investigate the eutrophication and
hypoxia events in the dry and wet seasons. This study was
focused on studying potential factors currently responsible for
the development of eutrophication and hypoxia in the Negombo
Lagoon and to assess the extent to which long-term, global
changes may affect the lagoon in the future.

MATERIALS AND METHODS

Sampling Site and Hydrographic
Parameter Analysis
Water samples were collected from 18 stations chosen to
encompass the full salinity gradient from freshwater to coastal
seawater. The only exception was Station 11, a private deck
of a waterfront hotel (Figure 1) selected for real-time data
recording purposes. Sampling took place in two dry seasons
(February 2019 and 2020) and one wet season (October 2019).
Precipitation was major in April to June and September to
December, two rain seasons in southwest of Sri Lanka. The
higher precipitation was shown in May in first rain season,
and shown in October in second wet season. Dry season was
regarded in inter wet season period, which monthly precipitation
was lower than 100 mm day−1. Sampling was conducted in
the morning and repeated in the evening in the wet season.
Salinity, pH, dissolved oxygen, and temperature were measured
by conductivity meter (WTW Cond 3310, Germany), a pH meter
(WTW pH 3110, Germany) and a dissolved oxygen meter (WTW
Oxi 3310, Germany). Subsamples were filtered immediately in the
shore-based laboratory and stored until analysis. Nitrite (NO2),
nitrate (NO3), silicate (SiO3), phosphate (PO4), total suspended
matter (TSM), chlorophyll-a (Chl-a), particulate organic carbon
(POC), and dissolved organic carbon (DOC) were determined
according to the methods described in Hung et al. (2000, 2013).
The methods used for the determination of nutrients (nitrite,
nitrate, phosphate, and silicate) were based on the standard
dye methods which have been adapted for use with a flow
injection analyzer by Gong et al. (1996). Chl-a concentrations
were measured with a Turner Designed 10-AU-005 fluorometer
using the non-acidification method (Gong et al., 1996; Shih
et al., 2019). Concentrations of TSM and POC were measured
following the methods of Hung et al. (2013) while DOC was
measured by the method of Hung et al. (2016). The ecological
water quality state (European Commission, 2000) was used to
classify the conditions of water in Negombo lagoon. Different
levels of nutrients were corresponded to different state from “very
good” to “bad,” the threshold of each category was presented
in Table 1.

Statistical Analysis
A trophic state index (TSI) for brackish water lagoon (Kratzer
and Brezonik, 1981) was used in this study to understand the
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FIGURE 1 | Sampling locations in the Negombo Lagoon and the adjacent coastal waters.

trophic state in Negombo lagoon in dry and wet seasons. TSI of
the lagoon water was calculated using TSITP, TSITN , and TSIChl-a.
The equations are described as follows:

TSITP = 14.42 ln(TP) + 4.15

TSITN = 14.43 ln(TN) + 54.45

TSIChl = 9.81 ln(Chl) + 30.6

The units of TP and Chl-a were in µg L−1, and TN was in mg
L−1. According to Kratzer and Brezonik (1981), TSI below 40
represents to oligotrophic state, TSI between 40 and 50 represents
to mesotrophic, TSI from 50 to 70 represents to eutrophic, TSI
above 70 represents to hypereutrophic state of the water.

A principal components analysis (PCA) was used for
identifying the data similarities and differences. For example,
projections considered the principal components 1 and 2 for
hydrographic parameters (temperature, salinity, DO, nutrients,
Chl-a, DOC, and POC etc.) and sampling locations (located
in river, lagoon, and ocean) in dry and wet seasons in
the Negombo lagoon.

RESULTS

Hydrographic Settings, DO, DOC, and
POC in the Dry Season
Sea surface temperatures showed a relatively uniform
distribution along the entire transect and fell within the
previously reported range of 27.5–31.7◦C (Malawaraaratchi,
2003). Concentrations of dissolved and particulate chemicals
measured in the surface waters are listed in Table 1 and
their distribution along the salinity gradient is shown
in Figure 2. Surface salinity gradually increased from the
southern part (stations 1–3) of the lagoon toward the lagoon
inlet and the Indian Ocean (station 14) (Table 1) except
one lower salinity (Sal = 28.5) at station 11 compared
to station 10 (Sal = 30.0) in February 2019, suggesting
an input of fresh water from hotels along the northeast
lagoon. This depressed salinity at station 11 was associated
with hypoxia (Figure 2B), even though DO concentrations
at all other stations were above 4 mg l−1 (Table 2). In
February 2020, however, DO values at stations 1–3 fell
below 3 mg l−1 suggesting that oxygen deficient conditions
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FIGURE 2 | Information of (A) monthly precipitation, (B) fish production, (C) population, and (D) tourists in the Negombo lagoon and the adjacent area.

were more widespread in February 2020 than in February
2019 (Table 2).

As with DO, pH values were lowest in the southern portion of
the lagoon (inner lagoon, stations 1–3) and gradually increased
to typical oceanic values (8.0–8.2) toward the lagoon inlet
(Figure 3C), following a typical trend.

Concentrations of TSM and chlorophyll-a (Chl-a) were
highest at low salinities as well as in freshwater, i.e., inner
lagoon, Ja-Ela and Dandugam Oya rivers, and decreased
steadily toward the lagoon inlet (Figures 3D,E). The
elevated Chl-a concentrations (0.5–22.4 mg m−3) were
comparable to previously reported values in the same lagoon by
Gammanpila (2010).

Concentrations of dissolved inorganic phosphate, silicate and
nitrogen (=nitrite + nitrate) were elevated throughout the
inner lagoon (Figures 3H–J). Some dissolved nitrogen with
high concentration values (13–39 µM) were turn the water to
“poor” in ecological water quality state, and this occurred in
both 2019 and 2020.

The cumulative explanation of PCA variables in PC1 and
PC2 axis was 69.9% in dry season (Figure 4A). Different
characteristic of water was separated by PC1 and PC2 axis.
For example, positive part of PC1 was related to high
salinity, pH and DO in lagoon water. Nutrients and biogenic
parameters (Chl-a, POC, PN, and DOC) were in negative
part in lagoon water. On PC2 axis, nitrite, nitrate and
silicate were predominate in positive part and phosphate,
chlorophyll, POC, PN, and DOC were on the opposite
side (Figure 4A).

The molar ratio (Si:N:P) in different waters was presented in
dry season (Figure 5A). Highly biotic activity of phosphate in

phytoplankton growth was evaluated as a P limitation in dry
season in 2019 according to Redfield molar ratio, but it was N
limitation in dry season in 2020 (Table 1 and Figure 5A).

The TSI in Negombo lagoon was decreased from river mouth
to lagoon mouth in both 2019 and 2020 (Figure 6). Overall, water
nature was shown as the mesotrophic state overall in 2019, but the
trophic state in some sampling stations turned into the eutrophic
state in 2020 (Figure 6).

Hydrographic Settings, DO, DOC, and
POC in the Wet Season
The distributions of surface temperature, DO, pH, TSM, Chl-a,
POC, and DOC along the salinity gradient are shown in
Figures 3A–G which combines data of the two surveys conducted
in the wet season of 2019. Salinity values at all stations were
generally lower than those recorded in the dry season due to
seasonal precipitation. Sea surface temperature was relatively
uniform and lower than in the dry season. In the first survey, DO

TABLE 1 | Classification of ecological water quality state by concentration
inorganic nutrients, this table was modified from European Commission (2000).

Water quality state NO2 NO3 PO4 O2

(µM) (µM) (µM) (%)

Very good <0 <0.81 <0.05 100

Good 0.02–0.11 0.81–8.06 0.05–0.32 80–100

Medium 0.11–0.43 8.06–24.19 0.32–1.06 60–80

Poor 0.46–2.17 24.19–40.32 1.06–3.19 30–60

Bad >2.17 >40.32 >3.19 >30
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TABLE 2 | Water temperature, salinity, dissolved oxygen (DO), pH, dissolved
nitrogen (NO3+NO2), total suspended matter (TSM) and chlorophyll-a (Chl-a) in
the Negombo Lagoon in the dry season 2019 and 2020.

Station T Salinity DO pH DIN PO4 TSM Chl-a

(◦C) (µM) (µM) (µM) (mg L−1) (mg m−3)

2019.02.27∼02.28

1 32.0 1.6 143.7 6.9 39.00 0.09 7.80 7.2

3 31.9 4.1 125.3 6.8 22.85 0.11 9.20 8.6

5 32.7 19.2 202.1 7.8 0.57 0.03 13.60 8.7

6 31.9 20.5 206.1 8.0 2.21 0.04 8.60 7.2

8 31.2 23.2 203.0 8.0 0.89 0.04 7.10 6.7

10 30.8 30.0 176.0 8.0 1.09 0.04 6.40 5.5

11 29.6 28.5 27.5 7.3 0.96 0.12 7.70 5.3

12 30.4 31.7 146.5 8.0 3.99 0.22 15.20 4.9

13 29.7 32.6 169.7 8.2 0.85 0.19 1.73 1.3

14 29.6 32.9 185.0 8.2 0.42 0.17 2.00 0.7

15 29.9 32.5 175.1 8.2 1.68 0.18 1.44 1.1

16 29.9 32.4 171.0 8.2 0.32 0.18 1.25 1.3

17 30.4 32.7 175.8 8.2 0.40 0.18 1.70 1.1

18 29.9 32.5 177.1 8.2 0.56 0.19 1.20 1.3

2020.02.05∼02.06

1 30.1 0.2 68.1 7.4 15.03 0.90 8.47 4.3

2 29.6 11.3 91.9 7.2 12.78 1.06 16.70 11.5

3 30.9 3.1 86.3 7.0 27.31 0.54 6.30 14.5

4 30.2 11.5 164.1 7.4 0.74 1.25 9.07 22.4

5 30.3 15.1 169.1 7.5 5.47 0.13 9.09 18.1

6 29.4 15.8 181.9 7.6 4.35 0.79 8.29 8.7

7 28.3 17.3 186.6 7.7 4.04 0.93 8.02 8.1

8 28.1 21.7 174.4 7.8 3.86 0.62 6.36 4.0

9 27.8 23.6 185.3 8.0 1.34 0.46 4.98 3.7

10 28.0 29.1 169.4 8.1 3.25 0.06 5.33 2.2

11 30.5 29.9 121.3 8.0 4.85 1.60 22.10 13.2

12 27.8 31.4 170.0 8.0 2.09 0.21 8.00 3.2

13 28.9 32.9 181.3 8.3 2.77 0.65 2.05 1.7

14 28.7 33.5 205.3 8.2 7.76 0.05 1.68 0.5

15 28.8 33.2 178.8 8.2 1.43 1.24 2.23 1.2

16 29.0 33.5 174.1 8.3 2.29 0.76 2.24 0.6

17 28.8 33.4 173.8 8.2 2.10 1.01 2.68 0.8

18 28.8 33.4 181.9 8.2 3.22 0.67 1.76 1.0

values were above 5 mg l−1 at most stations (Table 3) although
lower values were recorded in the inner lagoon (0.7–3.8 mg l−1 at
stations 1–4) and also at station 11 (4.8 mg l−1). The same pattern
was observed in the second survey, i.e., DO values were generally
above 5 mg l−1, but four lower values (<3.5 mg l−1) were also
recorded in the inner lagoon and at station 11 (Table 3). These
results show that oxygen deficient conditions arise mainly in the
inner lagoon but also along the periphery of the lagoon.

Surface pH values gradually increased from inner lagoon
to lagoon inlet. Some anomalously high values (8.7–9.3) were
recorded in the coastal waters outside the lagoon, shortly after
a heavy rainfall event. Similar to the trend observed in the dry
season, nitrogen concentrations decreased steadily from the inner
to the outer part of the lagoon and beyond. However, the entire
concentration gradient developed across the inlet itself whereas
in the dry season the concentration gradient extended across the

FIGURE 3 | The distribution of (A) surface temperature, (B) DO, (C) pH, (D)
TSM, (E) Chl-a, (F) POC, (G) DOC, (H) PO4, (I) SiO3, and (J) DIN along the
salinity gradient in dry season.

whole length of the lagoon. Dissolved nitrogen concentration
values above the threshold level (24.6 µM) used to classify
ecological water quality status as “poor” were recorded in nine
stations. This suggests that flood water, storm water runoff and
effluent discharge into the inner lagoon provided additional
sources of biologically available nutrients and organic matter
in the wet season.

As in the dry season, concentrations of TSM and chlorophyll-a
(Chl-a) were highest in low salinity waters, i.e., inner lagoon, Ja-
Ela and Dandugam Oya, and decreased toward the lagoon inlet
(Figures 7D,E). POC and DOC followed a similar trend, but
their values were higher than in the dry season, giving weight to
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FIGURE 4 | Results from the principal component analysis (PCA) analysis, showing the principal components 1 and 2 for hydrographic parameters and sampling
locations in dry season (A) and wet season (B) in Negombo lagoon from 2019 to 2020.

FIGURE 5 | Molar ratio of Si:N:P in Negombo lagoon in dry season (A) and wet season (B). The potentially limited nutrients are divided from Redfield ratio
(Si:N:P = 16:16:1). Different area in the plot was characterized by potentially limited nutrients in order of priority (Rocha et al., 2002).

the notion that they had been washed off the land by freshwater
runoff, like the nutrients.

The cumulative explanation of variables of PCA in PC1 and
PC2 axis in wet season was 75.3% (Figure 4B). PC1 and PC2
axes were similar to those at dry season. However, the POC and
PN were shown in positive part of PC2, and they (POC and PN)
were not related to observed Chl-a suggesting there was external
source of particulate matters.

The molar ratio (Si:N:P) in different waters in wet season was
presented in Figure 5B. Similar to in dry season, phosphate in
both PCA result and Si:N:P plot was evaluated as a P limitation
in wet season. One can easily see elevated N:P ratios in wet
season (Figure 5B).

The TSI in Negombo lagoon in wet season was between
mesotrophic and eutrophic conditions (Figure 6) and the trophic

state suggesting that nutrient supply is quite sufficient for marine
organisms in wet season as compared to in dry season.

DISCUSSION

Nutrient Dynamics the Negombo Lagoon
We observed a negative relationship between dissolved nitrogen
and salinity (Figures 3J, 7J) during both the dry and wet
seasons, which suggests that the sources of nitrogen were
mainly from freshwater sources. This is consistent with previous
work (Malawaraaratchi, 2003) indicating that Negombo Lagoon
receives large quantities of wastewater containing high levels
of nutrients and organic matter originating from its heavily
populated catchment. At the same time, Negombo is rated as
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FIGURE 6 | Trophic state index from TP, TN, and Chl-a in dry season and wet season in Negombo lagoon. Short dash line represents oligotrophic, medium dash line
represents transition from oligotrophic to mesotrophic, long dash line represents transition from mesotrophic to eutrophic.

the third most popular tourist destination in Sri Lanka due to
its gorgeous lagoon, bountiful fishery resources and attractive
coastal scenery. Nearly 32% of tourists from Sri Lanka visit the
Negombo lagoon every year. Most of the hotels are located along
the shore and the lagoon. Hotels may become point source if
wastewater is discharged to the lagoon without advance treatment
systems. This is a matter of great concern, not least because there
is growing evidence (Halkos and Matsiori, 2018; Schuhmann
et al., 2019) that water quality is the single most important factor
contributing to the decision of tourists to revisit a particular
seaside location.

Furthermore, it has been reported that unproper management
planning, fecal pollution and solid waste pollution may be
important problems in Negombo lagoon due to direct discharge
of sewage, solid waste into water (Panagoda et al., 2016).
Joseph (2011) estimated that nearly 250 kg/day of raw faces
are released to the lagoon through channel segment and neatly
50 % uncollected solid waste are discharge to the surrounding
environment illegally (Karunarathana et al., 2019). Therefore,
the water quality of Negombo Lagoon is critical for the coastal
communities and lagoon ecosystem.

Moreover, brackish water fishery is one of the major activity
in the Negombo lagoon by using engine FRP boats which are
anchored along the estuary bank (Joseph, 2011; DFAR, 2012b).

Some of the pollutions are from these FRP boats and pollutants
are directly released to the estuary or the lagoon. In addition,
waste water discharge from the small scale shrimp farms, crab
fattening in estuary and the waste from the dry fish production
have estimated negative effect to the lagoon water quality
(Pahalawattaarachchi and Siriwardena, 2003; Pathmi et al., 2003).

A negative relationship between phosphate and salinity was
also observed within the lagoon (Figures 3H, 7H). However,
phosphorus as a strong bioactive element, it usually depleted in
the water. A remarkable difference of N:P ratio altered nitrogen
become limited factor in dry season in 2020 (Figure 5B). High
concentration of phosphate shown in Negombo lagoon in dry
season in 2020, might result from remineralization of sediment
or discharge of anthropogenic wastewater from coastal of lagoon.
Besides, some elevated phosphate values were also found at high
salinity stations revealing other sources of phosphate input, but it
is difficult to trace their sources based on limited information.

It is worth noting that the main freshwater sources, i.e.,
the Dandugam Oya and Ja-Ela, brought enormous amounts of
dissolved silicate and TSM to the lagoon in both seasons, while
the Hamilton canal also brought large amounts of silicate in
wet season only.

Nutrient supply to coastal lagoon habitats tends to play an
important role in their primary production which in turn plays an
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TABLE 3 | Water temperature, salinity, dissolved oxygen (DO), pH, dissolved
nitrogen (NO3+NO2), total suspended matter (TSM) and chlorophyll-a (Chl-a) in
the Negombo Lagoon in the wet season 2019.

Station T Salinity DO pH DIN PO4 TSM Chl-a

(◦C) (µM) (µM) (µM) (mg L−1) (mg m−3)

2019.10.15∼10.17

(First Cruise)

1 29.0 0.0 118.8 6.4 22.96 0.26 27.87 1.5

2 29.1 1.1 21.4 7.7 3.73 1.95 8.20 34.6

3 29.1 0.0 103.8 6.3 11.45 0.34 19.40 4.3

4 28.8 0.0 109.1 7.6 14.09 0.87 16.87 1.6

5 29.0 0.0 132.2 7.9 9.81 0.39 21.80 1.6

6 28.5 0.6 157.6 7.8 11.51 0.28 18.00 4.6

7 28.6 0.7 160.0 7.2 8.84 0.29 18.47 2.2

8 29.2 1.9 189.2 7.2 27.37 0.17 11.87 8.4

9 29.4 4.2 202.7 7.5 23.62 0.10 10.73 12.5

10 29.8 12.7 176.1 7.6 11.30 0.10 4.70 10.4

11 31.5 10.4 149.0 7.4 8.54 0.13 4.27 4.4

12 30.5 32.0 163.1 7.9 1.26 0.15 8.80 4.7

13 30.1 19.6 197.3 8.7 7.51 0.06 4.42 6.0

14 29.4 29.9 195.2 8.5 0.58 0.06 1.78 1.7

15 30.3 25.2 189.8 9.1 3.25 0.06 2.60 3.8

16 30.1 25.8 185.1 9.4 9.27 0.07 2.06 3.5

17 30.0 24.8 162.9 9.0 4.23 0.09 3.53 3.8

18 28.8 24.2 179.6 8.7 3.59 0.07 5.00 2.5

(Second Cruise)

1 29.3 0.0 140.9 6.3 22.21 0.38 18.33 3.2

2 31.4 1.2 107.4 6.7 2.27 0.99 4.00 75.5

3 29.1 0.0 98.4 6.4 14.01 0.44 16.13 1.3

4 30.6 0.1 128.7 6.5 13.66 0.42 10.60 4.4

5 31.7 0.7 175.9 6.6 9.91 0.23 18.33 5.7

6 32.4 1.1 164.6 7.1 12.84 0.22 10.73 5.1

7 32.6 4.5 221.3 7.9 4.65 0.13 15.53 29.9

8 32.6 3.7 229.7 7.9 11.84 0.16 17.07 11.6

9 32.8 3.7 240.4 8.2 25.64 0.16 14.40 8.3

10 33.1 4.4 227.3 7.7 20.83 0.09 6.47 6.1

11 32.3 6.3 197.1 7.5 14.92 0.10 26.20 5.8

12 30.8 33.5 170.2 8.2 0.72 0.95 2.20 6.2

13 29.8 21.5 196.9 8.7 3.06 0.08 3.17 6.1

14 29.5 31.3 203.2 7.3 0.69 0.06 1.43 3.1

15 29.9 25.5 192.9 8.8 1.01 0.06 2.79 3.9

16 30.0 31.8 203.3 9.1 0.45 0.05 1.53 1.4

17 30.1 31.8 198.1 9.2 0.49 0.04 1.33 1.5

18 29.0 21.1 202.8 9.2 10.82 0.13 5.40 1.4

indirect role in providing a variety of habitats such as feeding and
nursery ground for juvenile marine organisms (Vasconcelos et al.,
2011). However, tropical lagoon worldwide has been damaged
by human activity such as shoreline modifications and coastal
works for tourists (Pérez-Ruzafa et al., 2019), sea salt extraction
(Pérez-Ruzafa et al., 2011), fisheries and aquaculture, water sports
etc. All of these factors affect nutrient and organic matter inputs
as well as sediment resuspension in such a way as to shift
the ecosystems and the lagoon waters toward eutrophication
(Pérez-Ruzafa et al., 2019).

Eutrophication in the Negombo Lagoon
According to the European Commission (2000), nitrate
concentrations in excess of 24.2 µM indicate bad quality water.
Based on these criteria, the water quality status of the lagoon
was “poor” in the wet season but switched to “good” in the dry
season when concentrations were less than 8 µM. With respect
to phosphorus concentrations, the status of lagoon waters was
consistently “good” to “medium,” with concentrations less than
1 µM. These findings are in agreement with those of Mendis
et al. (2015). Only in the Hamilton canal could the phosphorus
quality status be rated as “bad,” with concentrations consistently
higher than 1.7 µM.

In this study, Chl-a concentrations were persistently higher
than 2 µg L−1 throughout the entire lagoon and Chl-a was
always slightly higher in the dry season than that in the wet
season (Figures 3E, 7E). These observations are likely the
result of plankton blooms fueled by the abundance of nutrients
coming from freshwater inputs. Negombo lagoon was between
mesotrophic and eutrophic status in both dry and wet seasons
based on the trophic index (Figure 7). In comparison our result
to previous investigations, we observed that water quality in
Negombo lagoon has been declined since 2009 (Table 4). We
cannot give a real answer what mechanisms result in mesotrophic
and eutrophic status in Negombo lagoon because previous
sampling locations and time period might be different from
this study. However, water quality in the wet season is more
worsen than dry season based on current study. The observations
may be affected by temporal-spatial variation in wet season.
It is likely that flood water, storm water runoff and effluent
discharge into the inner lagoon provided additional sources
of biologically available nutrients and organic matter from
watershed of main rivers. However, it needs further investigations
to trace their sources of nutrients and organic matter at different
time scales in the future.

Hypoxia and pH Variation in the
Negombo Lagoon
The metabolic activity of all aquatic organisms increases
exponentially with temperature. The main consequence of these
elevated rates of physiological processes in the context of water
quality is the consumption of oxygen by aerobic heterotrophs,
mainly bacteria (Sokolova and Lannig, 2008). Another effect of
increasing temperature is the decreasing solubility of oxygen
in seawater (Garcia and Gordon, 1992). Higher sea surface
temperatures also lead to density stratification which may
severely reduce vertical mixing and hence prevent the transport
of oxygen into the subsurface layer (Howarth et al., 2011). In
the present study, surface water temperatures were in the range
27.8–33.1◦C, with a mean value of 30.1 ± 1.0, i.e., similar to
previously reported results for this lagoon (Gammanpila, 2010).
Such high temperatures, coupled with the slow water circulation
resulting from the very narrow connection to the Indian Ocean
(Dahanayaka et al., 2012), mean that the Negombo Lagoon is at
risk of experiencing hypoxic events (Hearn and Robson, 2001;
Tyler et al., 2009). Moreover, the mean DO concentration we
recorded in the Dandugam Oya river outflow (2.76 mg l−1) was
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FIGURE 7 | The distribution of (A) surface temperature, (B) DO, (C) pH, (D)
TSM, (E) Chl-a, (F) POC, (G) DOC, (H) PO4, (I) SiO3, and (J) DIN along the
salinity gradient in wet season.

considerably lower than that recorded by Gammanpila (2010)
10 years earlier (6.7± 2.1 mg l−1), which suggests that the lagoon
is prone to hypoxic events in the near future. Likewise, the DO
concentrations we recorded in the Hamilton canal, albeit a very
small contributor to the total freshwater input to the lagoon,
occasionally dropped below 1 mg l−1.

Shallow coastal lagoons where the mean daily water
temperature is above 26◦C often exhibit a significant decrease
in oxygen concentration with depth, coupled with intense
dynamics of the daily cycle of oxygen concentration, with
highest concentrations occurring in the late afternoon and lowest
concentrations occurring around dawn. While our surface water
measurements were all above 4 mg l−1, the above considerations
make it likely that some parts of the Negombo Lagoon must have

been experiencing hypoxia in the waters immediately above the
sediments on a daily or seasonal basis. Besides, the fish would
avoid low DO water in usual (Claireaux and Chabot, 2016),
however, shallow water restrict movement of fish in Negombo
lagoon result in fish kill events.

High level of nutrients discharged into Negombo lagoon can
trigger microorganism growth in both dry and wet seasons.
During dry season, phytoplankton in Negombo lagoon produce
large amounts of particulate organic carbon and consumed
nutrients and oxygen in the water column. Oxygen depletion
(<70% of saturated oxygen) in wet season was more remarkable.
As mentioned above, heavy rainfall brought turbid water
with high concentration nitrogenous nutrient to Negombo
lagoon may stimulate phytoplankton growth, however, high
concentration of POC and DOC were also discharged into the
lagoon in wet season. Negative correlations between DO and
DOC, and DO and POC can be observed in both seasons
(Figure 8) suggesting that heterotrophic bacteria may largely
use dissolved oxygen in the water column. Similar phenomenon
about heterotrophic microorganism growth consumed more
oxygen has been reported in the coastal water of the East China
Sea (Chen et al., 2007, 2021).

Some unusually high pH values (8.5–9.3) were recorded in
the coastal plume that formed off the lagoon’s inlet in the wet
season. The large freshwater outflow during the wet season
meant that the mean salinity of the coastal water samples was
only 27.0 ± 4.6 as compared to 32.8 ± 0.6 in the dry season.
Therefore, it seems counterintuitive that seawater pH should
be so much higher in the wet (pH = 8.5–9.3) than in the dry
season (pH = 8.0–8.2). Two possible factors may account for
the unusually high pH phenomenon: (1) photosynthetic activity
by marine phytoplankton (2) discharge of septic wastewater
effluents or industrial effluents through runoff or sea outfalls
(Schneeberger et al., 2015). Photosynthetic activity has the
potential to raise the pH of seawater significantly by fixing CO2.
Under high discharge conditions, plankton blooms are more
likely to happen in the offshore waters than in the lagoon because
of the short residence time and high turbidity of water inside the
lagoon. Photosynthetic activity may thus explain in part the high
pH values in the coastal zone. Chou et al. (2018) reported that
large variation of pH in seagrass-dominated coastal region. On
the other hand, the discharge of effluents cannot be discounted

TABLE 4 | Concentrations of dissolved inorganic nitrogen (DIN) and trophic state
from previous studies and this study in Negombo lagoon.

References Sampling time DIN (mg L−1) Trophic state

This study February 2019 0.13 Oligotrophic

October 2019 0.79 Eutrophic

February 2021 0.34 Mesotrophic

Malawaraaratchi, 2003 September 2002 0.18 Oligotrophic

Gammanpila, 2010 June 2009 0.59 Mesotrophic

Mendis et al., 2015 2015 (N.A) 0.96 Eutrophic

National Aquatic Resources
Research and Development
Agency, 2019

April 2019 3.5 Hypertrophic
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FIGURE 8 | The concentration of POC and DOC vs. DO in (A,B) dry season and (C,D) wet season.

as a contributing factor, especially in view of the documented
evidence for unregulated and untreated waste discharge along
the shore of the lagoon. The main sources of septic wastewater
effluent to the Negombo lagoon are local settlements, municipal
sewage carried with the freshwater inflows and tourist industry
along its coastal area (Malawaraaratchi, 2003). Finally, the illegal
dumping of solid wastes along the banks of the populated area
and shoreline closer to the mouth (Malawaraaratchi, 2003) as well
as waste from fish processing and fish landing sites may also be a
contributing factor (DFAR, 2012a).

Driving Forces of Eutrophication in the
Negombo Lagoon
Water exchange between the Negombo Lagoon and the Indian
Ocean occurs through a channel which is 150 m wide and less
than 2 m deep on average. The mean tidal range on the ocean
side of the inlet is 30 cm and that inside the lagoon is only 10 cm.
This decrease across the inlet is due to tidal choking (Rydberg and
Wickbom, 1996; Rajapaksha and Jayasiri, 2000; Sivanantha et al.,
2016). The extent to which choking occurs depends on the inlet
structure, freshwater supply, size of the basin, and spring neap
tidal ranges. For example, work conducted in another west coast
lagoon (Wijeratne and Rydberg, 2007) suggests that tidal choking

across the inlet is likely to be more pronounced during spring
tides than during neap tides.

In recent years, mangroves have been planted around
the lagoon by local residents for the purpose of subsequent
landfill. The area of mangrove vegetation in some areas has
increased to form new islets consequently narrowing the
channels (Dahanayaka et al., 2012). This has also led to
sediment deposition, further enhance choking the channels.
If left unchecked, it will ultimately lead to the destruction
of the Negombo estuarine lagoon as a productive ecosystem
(IUCN, 2011). Besides encouraging sedimentation and restricting
water exchange, mangrove forests can naturally lead to bottom
water hypoxia during low tide (Dubuc et al., 2019). The
major cause of hypoxia in mangrove swamps is the buildup of
monosulfides and pyrites in the organic-rich sediment, creating
a monosulfidic black ooze (Knight et al., 2013). Therefore, this
may be another possible cause for very low DO concentrations
in the Negombo lagoon, as it comprises several mangrove
swamps and borders on the largest saline coastal salt marsh
in Sri Lanka, called Muthurajawela, which is underlain by
extensive peat deposits.

Dissolved oxygen recorded continuously for 24 h at station 11
(from the outdoor deck of a waterfront hotel) revealed that severe
hypoxic episodes occurred at nighttime during the dry season
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(personal communication, W-JH). This may be due to the poor
circulation of water in that part of the lagoon, coupled with the
long residence time of water in the central part of the lagoon
in the dry season. In contrast, during the wet season, nighttime
DO concentrations did not fall drastically as water replenished at
much higher rates in the lagoon due to shorter residence time.
Rajapaksha and Jayasiri (2000) calculated a mean residence time
for the lagoon as a whole which ranged from 2 to 10 days, the
shortest time corresponding to the highest recorded river flow
(160 m3 s−1) and the longest time to the dry season (20 m3 s−1).
Based on the above considerations and a case study from another
tropical estuarine lagoon (Hearn and Robson, 2001), it can be
anticipated that dredging the main channel of the Negombo
Lagoon inlet, or a new channel, will a good option to increase
ocean exchange and improve water quality in the lagoon.

High nutrient loading into the lagoon is a problem that
also needs to be addressed. The anthropogenic sources are well
identified and are associated with a range of intense activities
around the lagoon such as local population, tourism, fishery
activities, discharge of poorly treated water, pollution from both
point sources and non-point sources. We provided investigations
in both dry and wet seasons, but it indeed provides valuable
data sets about eutrophication and hypoxia formation. It is
worthy to note that such a short term study on this unique
system may not be adequate to describe its whole scenario of
Negombo lagoon and may still miss some considerations. For
example, Sivanantha et al. (2016) reported that most of the water
discharge to the lagoon does not go through a proper purification
system to reduce nutrient pollution. This high nutrient loading
has contributed to a 96% decline of the standing crop of the
seagrass in northern, eastern, and western parts of the Negombo
Lagoon between 1997 and 2004 (De Silva and Amarasinghe,
2007). In turn, the reduction of the seagrass may also contribute
to the present-day low dissolved oxygen concentrations in certain
parts of the lagoon.

In summary, elevated levels of nutrients, Chl-a, POC, and
DOC were found in the water bodies emptying into the Negombo
lagoon as well as in the inner lagoon, in both dry and wet
seasons. The inner lagoon and probably some stretches of coast
isolated from the main circulation (e.g., Station 11) is facing
hypoxia, not only because of the in situ processes triggered by
the abundance of nutrients and organic matter from sewage,
but also because of the already low levels of dissolved oxygen
in river discharge. Therefore, it would be good to significantly
reduce nutrient loading while at the same time improving
the existing mouth or new channel to improve water quality

and water circulation. Going forward, regular hydrographic,
biological oxygen demand, heterotrophic respiration, nutrient
monitoring and phytoplankton assemblages will be essential for
eutrophication and hypoxia trend analysis. If any modification to
the lagoon’s outline and physiography is to take place, it will be
important to characterize the new estuarine mixing behavior of
the lagoon as a function of river discharge variability in order to
correctly interpret the monitoring data.
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