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The recent fluctuations in abundance of the Indian oil sardine Sardinella longiceps,
a tropical small pelagic clupeid fish, was investigated in the light of overfishing and
variations in its habitat ecology in southeastern Arabian Sea. In 2012, its landings
peaked to an all-time record making it the fifth largest sardine fishery in the world,
and within 3 years the catches were reduced to nearly a tenth of that level. This study
examined the fishery dependant factors such as effort, catch rates and expansion of
fishing area; the biological variations in fish size, maturity and recruitment; and tried to
relate this to the environmental variations in the sardine habitat and food availability. The
2012 mega harvest was a result of a 2-time increase in gear size and engine capacity of
fishing crafts and a 3.7-time increase in fishing effort. The female maturation process
was strongly influenced primarily by rainfall and then by upwelling and the resulting
influx of cold nutrient-rich water in the habitat from April much before the start of the
monsoon in June. After 2013, the weak monsoons and the 2015 El Nino Southern
Oscillation resulted in a warmer (by an average of 1.1◦C) period which negatively
impacted the maturation process. The abundance of jellyfishes which are larval and
young fish predators in the habitat negatively affected recruitment after 2013. The
mismatch in timing of phytoplankton productivity and sardine larvae in the habitat also
affected the recruitment success. These environmental divergences coupled with the
excessive capture (beyond maximum sustainable yields) of spawning stock and juveniles
from 2010 has resulted in this biological catastrophe which has affected the livelihood of
thousands of small-scale fishers. A more responsive fisheries administration with timely
restriction on fishing effort and protection of spawning stocks by way of fishery closure
would have helped minimize the impacts.

Keywords: Indian oil sardine, overfishing, biology and recruitment, environmental drivers, food availability, timing
mismatch
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INTRODUCTION

The Indian oil sardine, Sardinella longiceps, is a small pelagic
clupeid fish with distribution limited to tropical waters of
northern and western Indian Ocean: Gulf of Aden, Gulf of Oman,
but apparently not Red Sea or the Persian Gulf, and eastward
to India, including the Andaman Islands. This forage species
comes under the group ‘herring, anchovies and sardine, (HAS)
which contributes to 18.6% (15.3 million tons) of the global
marine capture fishery production (FAO, 2016). Among the five
nations which harvest oil sardine (0.572 million tons) from their
coastal waters, India’s average production is the highest with 65%
(376,189 t) followed by Oman, 63,439 t, Yemen, 58,839 t, Iran,
45,800 t, and Pakistan, 27,372 t (FAO, 2016).

Globally, the sardine and anchovy fisheries have shown wide
fluctuations and the reasons for these have been extensively
investigated (Lluch-Belda et al., 1992a,b; Schwartzlose et al.,
1999). Typically collapses are characterized by a reduction in
catch of less than 10% of the maximum and by a long recovery
time after reaching a biomass minimum (Mullon et al., 2005;
Worm et al., 2009; Petitgas et al., 2010).

During the period 1950–2014, India has been the major
contributor of oil sardine catch with 66–96% (average 80%)
of the global oil sardine catch. Among the Indian maritime
states, Kerala has always been the major producer of oil sardine
(Hornell, 1937; Nair and Chidambaram, 1951; Pillai et al., 2003)
as it is one of the most productive upwelling zones (Banse, 1959)
along the southeastern Arabian Sea. With average annual landing
of 0.22 million tons during 2001 to 2010, the Kerala State’s landing
exceeded the catch from other nations like Oman, Yemen, Iran
and Pakistan (FAO, 2016).

The Indian oil sardine supports the main non-motorized and
motorized fisheries sectors of Kerala which are operated along
590 km coastline and spread across 222 villages. About 145,396
fishermen are actively involved in this small-scale coastal fisheries
(CMFRI, 2012). The importance of the sardine fishery can be
judged from the fact that this species has singly contributed on
an average to 37% of the total marine fish landings of Kerala (0.58
million tons) during the period 2001–2010. At the national level
the total oil sardine catch from all states contributed to 15% of
the all India marine fish production of 3.7 million tons during
2011–2015.

This fishery has declined and collapsed several times during
19th and 20th centuries and several fishery based reasons
have been cited along with effects of environmental factors
especially the southwest monsoon and coastal upwelling (Raja,
1969; Longhurst and Wooster, 1990; Madhupratap et al., 1994;
Jayaprakash, 2002; Krishnakumar et al., 2008; Xu and Boyce,
2009). However, reasons for fluctuations in oil sardine fishery
linking the fishery dependent and habitat changes on the biology
of sardine and the resultant density changes has not been
attempted so far.

In the present century, oil sardine catches of Kerala did not
decline drastically till 2012. The recent sardine crisis started in
2013, with the total landing declining to 0.21 million tons from
an all-time peak of 0.39 million tons in 2012, indicating a decline
of 46%. It further declined to 0.15 million tons in 2014, and

continued to decline in 2015 when only 0.068 million tons were
landed indicating a decline of 82% from that of 2012.

The biology of the fish has been a subject of detailed
investigations. Studies have been made on fecundity, spawning
seasons, size at maturity, gonadal development, sex ratio and
diets (Jayaprakash and Pillai, 2000). It has been observed that
there is differential growth between the early and late recruits
arising from the same spawning stock in a year and that the fish
attains 9.5–11.0 and 11.0–12.5 cm in the 2nd and 3rd month itself
(Raja, 1973; Yohannan et al., 1998). Oil sardine grows rapidly,
matures early and a few continue to survive beyond 18 months
(Longhurst and Wooster, 1990). Radhakrishnan (1965) observed
that the minimum size at first maturity is 12.0–13.9 cm. Majority
of investigations indicate that the size at first maturity is 15.0 cm
and that the spawning period is from May to August coinciding
with the southwest monsoon (Jayaprakash and Pillai, 2000). It has
also been observed that the fecundity varies with the age of the
fish and size of the ovary and generally ranges between 37,000 to
80,000 (Jayaprakash and Pillai, 2000).

The reason for this decline was investigated by analyzing
the fishery related and fishery independent factors including
the environmental and biological variations and the biotic
pressures on the oil sardine population along Kerala. This study
investigated the change in pattern of fishing oil sardines and
the resultant impacts. Further, we studied the environmental
parameters controlling maturity, spawning and recruitment of
sardines and analyzed the influence of major ocean atmospheric
processes such as El Niño.

The investigation used various sets of real-time and satellite
based datasets for the period 2010–2015 which were collected as
a part of investigations of projects supported by the Ministry of
Agriculture and the Ministry of Earth Sciences, India.

MATERIALS AND METHODS

Details of datasets pertaining to sardine fishery, ocean-
atmospheric parameters of the fishing grounds, fish biology and
phytoplankton densities are given in Table 1 and Supplementary
Table S1. The biological details of the fish from Kochi and
Kozhikode, two major oil sardine landing centers (Figure 1) were
used in the analysis. Hydrological sampling was done off Kochi
(Figure 1). Oil sardines are distributed (Figure 1) as small and
large shoals up to about 50–100 m depth, but are most common
up to 30 m depth (Pillai et al., 2003).

Oil Sardine Landing Data
Oil sardines are fished by different craft-gear combinations
like, fishing boats with outboard engines using ring seines
(OBRS), mechanized units using ring seines (MRS), outboard
units using gill nets (OBGN), mechanized trawlers (MTN),
outboard units using boat seines (OBBS), other motorized units
(MOTRS). Outboard units are those traditional crafts fitted
with outboard engines, while mechanized units have inboard
engines. Estimation of catch and effort were made by using
a sampling method, the multistage stratified random sampling
design (Srinath et al., 2005). The method involves recording of
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TABLE 1 | Type and source of data used in the analysis.

S. No. Parameter Source

Fishery parameters

(1) Monthly gear-wise oil sardine
catch and effort 2010–2015

CMFRI- NMFDC database

(2) Depth-wise oil sardine fishing
locations off Kerala

Derived from NMFDC
enumerator data sheets

(3) Catch rates – catch per hour of
fishing

NMFDC database

Ocean-atmospheric parameters

(1) Surface and bottom Salinity,
Temperature, DO, Chlorophyll a
at 5, 10, 20, and 30 m depth
stations off Kochi

Data collected for this study

(2) Rainfall data IMD

(3) Multivariate ENSO Index (MEI) NOAA

(4) Local Thermal Anomaly Derived from SST data taken
from NOAA

Biological parameters

(1) Monthly Length frequencies,
2010–2015 Kochi/Kozhikode

Data collected for this study

(2) Monthly maturity stages
2011–2015

Data collected for this study

(3) Gonadosomatic index (GSI)
2013–2015

Data collected for this study

Plankton parameters

(1) Phytoplankton monthly
densities 2010–2015

Data collected for this study

(2) Jellyfish biomass from trawl
survey

Data collected for this study

NMFDC, National Marine Fisheries Data Centre of Central Marine Fisheries
Research Institute, Kochi, India; IMD, India Meteorological Department; NOAA,
National Oceanic and Atmospheric Administration, United States.

catch and effort at each landing center by experienced observers
for a 24 h period on a sampling day. Normally, 16–18 days
in a month are selected at random for observation. The daily
catch and effort from at least 10% of vessels were multiplied
with total number of vessels on the observation day to arrive
at daily estimates for 187 landing centers. The fishing effort
is expressed by the number of unit operations by a craft-
gear combination (unit), the fishing hours expended by the
unit during the month, the man-hours expended by the units
during the month. This daily estimate from different sampling
days in a month were pooled and multiplied with number
of fishing days to arrive at monthly estimates of catch and
effort.

Catch data from 1960 to 2015 and catch per unit effort (CPUE)
of sardines in various gears for the period 2007 to 2015 were used
for the analysis. CPUE was used as an index of abundance in the
absence of biomass data. Details on the gear used and the engine
horsepower were collected through direct enquiry at the landing
centers and fishing villages. Apart from this, the annual sardine
catch data for the period 1960–2015 were used to categorize the
stock into abundant, less abundant, declining and collapsed based
on catch-based rapid stock status method (Mohamed et al., 2010)
which is modified version of the method developed by Froese and
Kesner-Reyes (2002).

Oil Sardine Biology
Weekly random samples of sardines (N = 100) were collected
from the ring seine catches from the landing at Kochi and
Kozhikode for biological parameters during 2010–2015. Sardines
were measured (N = 31,200) to the nearest mm using a scale and
weighed in an electronic balance (nearest 0.1 g) after blotting the
water from the surface of the fish. The length frequency data,
were grouped into three viz., less than 10 cm, 10.1–14 cm, and
above 14 cm, assuming that sardine less than 10 cm are immature
juveniles, 10–14 are maturing sardines and above 14 cm are adult
mature sardines based on previous reports on the size at first
maturity (Jayaprakash and Pillai, 2000; Nair et al., 2016). The
length data for each month were pooled from both the centers
and the percentage contribution for each group was estimated
and then monthly sardine length frequencies were weighted to
the catch. These were used to derive monthly mean, minimum
and maximum lengths.

Maturity was estimated by the macro and microscopic
observation of 6104 male and female gonads. The female gonads
were staged based on a modified ICES scale proposed by Raja
(1969) and Zaki et al. (2012) as immature (stage 1), developing
virgin (stage IIa), maturing (stages III and IV), mature or gravid
(stages V and VI), partially spent and spent (stages VIIa and b)
and spent resting (stage IIb) (Table 2). For analysis the data were
grouped into mature (Stages III to IV); partially spent (VIIa);
spent (VIIb) and spent resting (IIb). The gonadosomatic index
(GSI) for females was calculated using the formula: GSI = (weight
of gonad × 100)/weight of fish) every month and mean values
were plotted.

Hydrography and Climatology of Oil
Sardine Habitat
Water samples from sardine fishing area off Kochi were collected
from four stations (surface and bottom at 5, 10, 20, and 30 m
depth zones) at monthly intervals (Figure 1). This transect was
considered as representative of the sardine fishing area off Kerala
coast. Sea water temperature and salinity at different depths were
recorded using a CTD probe (YSI Incorporated, United States).
The water samples were fixed and analyzed as per standard
methods for dissolved oxygen, chlorophyll-a (CHL) and nitrate
(Strickland and Parsons, 1968; APHA, 1998). From the same
stations phytoplankton (PHY) samples were collected using a
20 µm Indian Ocean Standard net with digital flow meter (KC
Denmark, Denmark), fixed in buffered formalin and cells were
counted in the laboratory after identifying the major species.

To analyze the variations of parameters that are closely related
to upwelling viz., temperature, salinity (PSU), dissolved oxygen
(DOX) and nitrate content, two dimensional surfaces of these
parameters were generated with time (month) on x-axis and
depth on y-axis for the observation station. The observations
from 30 m depth station were about 25 km from the shore.
Since in 2013–2014 the sardine fishing grounds were abound with
coelenterate medusa, experimental trawling was done at these
stations and the Hydrozoan and Scyphozoan medusa collected
were identified and biomass estimated based on the swept area
method (Pauly, 1983).
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FIGURE 1 | Map showing southeastern Arabian Sea off Kerala State with bathymetric contours. The hydrology and biology sampling stations are indicated. Inset
shows detail of hydrology sampling stations. Shaded areas indicate the traditional oil sardine fishing grounds and the stippled area indicates the extended fishing
grounds.
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TABLE 2 | Maturity staging of female Sardinella longiceps by macroscopic
analysis used in the study following Raja (1966).

Stage Macroscopic appearance of ovary

(I) Immature Ovaries soft, cylindrical, pink and completely transparent.
Extend to about half of body cavity

(IIa) Developing virgin Ovaries soft, cylindrical, pink and extend more than half of
body cavity. Ova not visible to naked eye.

(IIb) Spent resting Dark red or brownish red ovaries, surface wrinkled.
Oviducts wide but shorter, extend more than half of body
cavity.

(III) Maturing Turgid, opaque and yellow with granular appearance.
Oviduct very much reduced. Extend to more than half of
body cavity. Ova visible to naked eye.

(IV) Maturing Compact, vascular, bright yellow ovaries. Oviduct not
distinct. Occupy more than three-quarters of body cavity.

(V) Mature or gravid Orange yellow and fully vascular. Extend more than the
length of the body cavity.

(VI) Running Appear as cream colored cellophane bag filled with boiled
sago. At a slight prick, gelatinous mass of transparent ova
flows out. Extend more than the length of the body cavity.

(VIIa) Partially Spent Dark red, either throughout or at the posterior half. A bit
flaccid, shrunken with wrinkle on the tunica. Occupy about
three-quarters of body cavity.

(VIIb) Spent Elongated, honey- colored, bloodshot, flabby, limb,
flattened and gelatinous with wrinkles on surface. Wide
oviduct now discernible. Occupy slightly more than half of
body cavity.

Monthly rainfall data (RNF) for Kerala state were obtained
from the website of Indian Meteorological Department.
Upwelling regions are known to have cooler waters and
the difference in temperature between two locations along
the same latitude has been considered as an indicator of
upwelling (Jayaram et al., 2010). Based on this principle, Local
Thermal Anomalies (LTA) have been used extensively to study
the variation in upwelling all along the Indian west coast
(Smitha et al., 2008; Shah et al., 2015). Using the equation
LTA = Toff − Tcoast where Toff is the temperature of offshore grid
(Longitude: 75, 76; Latitude: 10, 11) and Tcoast is that of a grid
(Longitude: 72, 73: Latitude: 10, 11) nearer to the coast. Positive
LTA values suggest coastal upwelling processes.

Multivariate ENSO Index (MEI) was estimated using six major
observed variables over the tropical Pacific which were obtained
from the NOAA web site1 (Wolter and Timlin, 1993). MEI gives
the variations in El Niño/Southern Oscillation (ENSO) which
is considered as the most important coupled ocean-atmosphere
phenomenon causing global climate variability on inter-annual
time scales.

Statistical Analysis
In order to relate oil sardine abundance and life history events
with physical, chemical and climatological parameters, the data
on fishery, ecology and biological characteristics were subjected
to Pearson’s correlation and statistically significant correlations
were identified. Principal component analysis (PCA) was applied
to define the relationships between catch rate (catch per hour

1https://www.esrl.noaa.gov/psd/enso/mei/

[CPH] in MRS and OBRS), recruitment (less than 10 cm
fish, LT10), mature fish (greater than 14 cm fish, GT14) and
environmental variables. All biological parameters were fourth
root transformed and scaled before the analysis. The Pearson
correlation matrices were created utilizing R (R Core Team,
2014) ‘Performance Analytics’ package and PCA was done using
‘factoextra’ package. Rows in the data frame with null values in
any of the fields were discarded while carrying out the PCA.

To assess relative contribution of different parameters (RNF,
MEI, LTA, PSU, DOX, CHL, PHY, GT14, and LT10) to CPUE, two
multiple linear regression equations were fitted with CPHOBRS
and CPHMRS as response variables and RNF, MEI, LTA, PSU,
DOX, CHL, PHY, GT14, and LT10 as regressors. The relative
importance of regressors, i.e., individual regressor’s contribution
to the multiple regression model, were assessed using the
Lindeman, Merenda and Gold method applied in the ‘relaimpo’
package in R (Lindeman et al., 1980; Ulrike, 2006).

RESULTS

Fishery Dependent Factors
During the period 1961–2015, the sardine catch fluctuated
between a low of 1554 tons in 1994 to an all-time peak of
0.39 million tons in 2012 (Figure 2). As per the rapid stock
status method, the collapsed status was reached only once (1994);
however, the stock status was depleted during 1986 and almost
reached the depleted status twice in 1963 and 2015 (Figure 2).
One significant observation was the abundant status of the stock
during 2010–2012. In comparison to 2010, the landings increased
by 24.2 and 54.1% in 2011 and 2012, respectively. The catch
was significantly (P < 0.001) and negatively related to MEI,
phytoplankton density (P < 0.01), chlorophyll (P < 0.05), and
rainfall (P < 0.05) (Table 3).

Increase in Effort and Catch Per Unit Effort
The oil sardines were exploited by a number of crafts
including mechanized, motorized and non-motorized. The two
principal gears exploiting oil sardines were MRS and OBRS and
their percentage contribution to the total catch was inversely
proportional (Figure 3). Mechanized pelagic trawl nets also
caught considerable oil sardine during peak abundance period of
2012 and 2013. The percentage of oil sardine in non-mechanized
decreased from 16% in 2007 to 6% in 2015.

The effort in terms of number of MRS units increased from
20,152 in 2007 to 74,416 units in 2012 – 3.7 times increase over
that of 2007 and the catch per hour of these units increased from
an average of 494 kg h−1 in 2007 to 1378 kg h−1in 2012 and
then declined to 303 kg h−1 in 2015 (Figure 4). The increase in
catch during 2012 was primarily due to the increase in effort by
these units. Though the OBRS unit operations increased during
2008, their numbers decreased subsequently. However, their unit
operations increased marginally during 2012. The catch rate of
OBRS units was high, 548 kg h−1 in 2007 which decreased to
341 kg h−1 in 2008. From 2009 onwards, the catch rate showed
an increasing trend and reached 670 kg h−1 during 2011 and
thereafter decreased steadily to 159 kg h−1 in 2015. During the
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FIGURE 2 | Time series of estimated oil sardine catch (bars) from Kerala State with percentage of historical maximum (line) and classification of stock-status based
on the percentage.

TABLE 3 | Pearson correlation matrix (r-values and significance) between oil sardine catch, catch rates, size groups, maturity stages and environmental factors.

RNF MEI LTA PSU DOX CHL PHY CPH
MRS

CPH
OBRS

<10 10–14 >14 SPR MAT PSP

MEI 0.21

LTA 0.22 −0.16

PSU −0.48∗∗∗ 0.11 0.06

DOX −0.49 ∗∗∗
−0.08 −0.23 0.27∗

CHL 0.16 0.33∗∗ −0.05 0.01 −0.30∗

PHY −0.03 −0.03 0.09 0.13 0.05 −0.07

CAT −0.29∗
−0.39∗∗∗ 0.02 0.06 0.23 −0.29∗

−0.32∗∗

CPH
MRS

−0.42∗∗∗
−0.34∗∗

−0.12 0.12 0.24∗
−0.31∗∗

−0.31∗∗

CPH
OBRS

−0.42∗∗∗
−0.52∗∗∗

−0.09 0.1 0.42∗∗∗
−0.34∗∗

−0.32∗∗ 0.56∗∗∗

<10 0.29∗
−0.01 0.2 −0.24∗

−0.34∗∗
−0.1 0.13 −0.21 −0.30∗∗

10–14 −0.46 ∗∗∗
−0.11 −0.17 0.26∗ 0.35∗∗

−0.11 0.09 0.19 0.2 −0.09

>14 0.35∗∗ 0.1 0.1 −0.18 −0.23∗ 0.13 −0.13 −0.11 −0.09 −0.23 −0.95∗∗∗

SPR −0.09 0.04 −0.21 −0.14 −0.06 0.13 0.09 −0.05 −0.05 0.19 −0.1 0.04

MAT 0.41∗∗∗ 0.15 0.11 −0.26∗ −0.30∗ 0.13 −0.2 −0.1 −0.2 −0.1 −0.45∗∗∗ 0.47∗∗∗
−0.23∗

PSP 0.70∗∗∗ 0.2 0.24∗
−0.19 −0.44∗∗∗ 0.11 0.09 −0.27∗

−0.38∗∗ 0.39∗∗∗
−0.43∗∗∗ 0.30∗

−0.24∗ 0.29∗

SPE 0.45∗∗∗
−0.11 0.15 −0.29∗

−0.16 −0.06 0.21 −0.1 −0.14 −0.05 −0.31∗∗ 0.31∗∗
−0.1 0.13 0.47∗∗∗

Significance in bold: ∗∗∗p < .001, ∗∗p < .01, ∗p < .05; negative sign denotes negative correlation.
RNF, rainfall; MEI, multivariate ENSO index; LTA, local temperature anomaly; PSU, salinity; DOX, dissolved oxygen; CHL, chlorophyll a; PHY, phytoplankton density; CAT,
catch; CPH MRS, catch per hour mechanized ring seine; CPH OBRS, catch per hour outboard ring seine; <10 – sardines of less than 10 cm TL; 10–14, sardines between
10 and 14 cm TL; >14, sardines of more than 14 cm TL; SPR, spent recovering; MAT, mature; PSP, partially spent; SPE, spent.
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FIGURE 3 | Percent contribution of different gears to oil sardine catches during 2007–2015. MRS, mechanized ring seines; OBRS, outboard ring seines; OB-GN,
outboard gillnetters; BS, beach seines; NM, non-mechanized; MTN, mechanized trawl nets; MOTRS, mechanized other gears.

FIGURE 4 | Catch rate (in kg per hour) of oil sardines in the two principal gears MRS and OBRS.
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FIGURE 5 | Percent contribution of the three size groups of oil sardine to annual catch during 2010–2015. Figures indicate size group wise tonnage.

period 2013–2015, the effort (not shown) as well as the catch rate
of both MRS and OBRS units decreased considerably.

The catch rates in MRS and OBRS were negatively related to
rainfall (P < 0.001), MEI (P < 0.001); chlorophyll a (P < 0.01)
and phytoplankton density (P < 0.01). The catch rates in both
MRS and OBRS were positively correlated with dissolved oxygen
(P < 0.05; P < 0.00, respectively) (Table 3).

Fishing Beyond Conventional Fishing Grounds
Until 2013, the main fishing area for sardines was between the 5–
30 m depth zones Figure 1. However, the MRS with high powered
engines have fished in areas beyond the conventional sardine
fishing zones mainly during March, May, and June which is the
period when sardines mature and become ripe for spawning.
Such fishing activities were mainly from the two main fishing
ports of Kochi and Kollam.

Biological Variations
Length Based Analysis
The monthly length frequency analysis of the sardine catch
indicated there was excessive harvesting of juveniles (less than
10 cm) size group during the period 2011–2013 (Figure 5).
About 16,040 tons of juveniles (less than 10 cm) forming 4% of
the total catch were harvested in 2012 and about 4802 tons in
2013. The 10–14 cm size group which is 0-year class forms a
major component of sardine catches. The 1 year class (>14 cm)

formed the maximum percentage in 2010, 2011, 2012, and 2014
(Figure 5).

Juvenile sardine (<10 months) and 1+ year group sardine
catch were significantly and positively correlated with rainfall
(P < 0.05) and negatively correlated with salinity (P < 0.001)
and dissolved oxygen (P < 0.01). While the 10–14 cm TL group
catches were negatively correlated to rainfall (P < 0.001) and
positively correlated to salinity (P < 0.05) and dissolved oxygen
(P < 0.01). The 10–14 and above 14 cm groups were inversely
correlated (P < 0.001) (Table 2).

The monthly mean, maximum and minimum lengths during
2010–2015 are shown in Figure 6. The mean lengths fluctuated
between 10.0 and 17.5 cm. The decrease in the mean lengths
coincided with peak recruitment in those months. The variations
in minimum lengths indicated that peak recruitment took place
only once a year invariably during July to September. In 2011,
two peak recruitments were noticed, one in February and another
in July. The maximum lengths varied between 12 and 22 cm but
were mostly above 15 cm.

Sardine Reproduction – Maturity, Spawning and
Recruitment
Sardines were found to mature and spawn from May/June to
August/September in most years although there were wide inter-
annual variations in initiation of maturation and peak spawning
activity. The percentage of different maturity stages in the sardine
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FIGURE 6 | Monthly mean, maximum and minimum size of oil sardine in fishery catches from January 2010 to December 2015. Arrowheads indicate period of peak
recruitment as judged from minimum sizes.

population is given in Figures 7a–f. The GSI during 2013 to 2015
is presented in Figure 8.

In years in which the fishery was a success (2010–2013), the
female maturation process was broad starting from May and
strong (more than 50% of population). In a departure from this
pattern, in 2014 and 2015, the maturation process was narrow
and erratic with two pulses in 2015.

In 2014, though there was maturation from May onwards,
the percentage mature did not exceed 40% of the population.
Spawning may have taken place during 3rd week (17th and 18th
of June) as inferred from the high GSI values which fell to 3.1
by end of June. However, within a month, the GSI increased and
remained high throughout July as indicated by more number
of partially spent sardines during the spawning period. Though
recruitment was observed in July, peak was observed to be slightly
delayed, shifting to August and September as inferred from the
low mean lengths (Figure 6).

During 2015, though the gonads matured by May/June, the
gonadal maturation was not complete as indicated by the low
GSI values (Figure 8). In 2013 and 2014, the GSI values were
very high indicating good maturation, but in 2015, the highest
GSI value, 6.12 was observed during end of June (Figure 8). This
low GSI decreased further to below 1, indicating that maturation
was poor and incomplete. Another significant observation was
the large percentage of spent resting sardines in 2015. Completely
spent females did not contribute to a significant percentage.

The mature, partially spent and spent females were positively
correlated (P < 0.001) to rainfall (Table 2). They were also
negatively correlated to 10–14 cm TL size groups. The PSP were
positively correlated to LTA (P < 0.001) and negatively correlated

to dissolved oxygen. The PSP were also negatively correlated to
catch rates of MRS (P < 0.05) and OBRS (P < 0.01).

Environmental Variations and Impacts of
Ocean-Atmospheric Phenomena on
Sardine Habitat
Variations in Hydrography
The major sardine habitat in the coastal waters with depth from 5
to 30 m is characterized by wide environmental fluctuations. This
region is influenced by upwelling and also by the river runoff due
to monsoon. The variations in temperature, salinity, dissolved
oxygen, and chlorophyll-a content of the sardine habitat are
shown in Figure 9.

The upwelling strength was highly variable in all years with
strong and sustained upwelling as indicated by low temperature
and low dissolved oxygen values observed during 2010–2012
(Figures 9, 10). The temperature difference between the surface
and bottom waters (deltaT) was high during 2012 and there
seemed to be fairly cool conditions for an extended period
which is reflected in the estimated LTA values. The duration and
intensity of upwelling was also high during 2012 compared to that
of subsequent years. During the subsequent period (2013–2015),
the upwelling strength was greatly reduced.

In September, 2013 the surface waters were low saline while
the bottom waters were high saline, which would have led to
salinity stratification. In 2014, upwelling was weak throughout
the year. The in situ observations show that the temperature of
bottom water were below 25◦C during July–August. By June, the
dissolved oxygen values decreased in the 10–30 m area and the
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FIGURE 7 | Radar chart of monthly female maturity stages (in percent) of oil sardine from 2010 to 2015 (a–f). Maturity stages important for indicating peak breeding
and spawning are shown. Due to overlap, some stages are not visible.
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FIGURE 8 | Monthly trend in mean gonadosomatic index (GSI) values of female oil sardines during 2013–2015. Vertical lines indicate standard deviation from the
mean.

FIGURE 9 | Contour plots of monthly values of dissolved oxygen, salinity, temperature and chlorophyll-a at different depths (0–30 m) during 2010–2015 in the oil
sardine fishing grounds off Kochi, southeastern Arabian Sea.
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FIGURE 10 | Monthly Local Thermal Anomaly (LTA) values from 2010 to 2015 in the oil sardine fishing grounds off Kochi, southeastern Arabian Sea.

salinity remained high indicating limited upwelling in the shelf
area. However, at 5 m depth the salinity had dropped due to
rainfall runoff.

Upwelling was generally weak in 2015 and not observed in
5, 10, and 20 m depth zones. At 30 m depth slight lowering
of temperature (26.6◦C) was observed in July and as per LTA
data there was upwelling in July. However, the extent and the
intensity was low. Low oxygen conditions were observed but
were not severe as compared to previous years (Figure 9). The
temperature during this period was above 27◦C from the surface
to 20 m depth all through the year. Moreover, in 2015, 1T
was low (max = 4.4◦C) indicating poor upwelling. The average
temperature in the sardine fishing grounds during 2015 were
nearly 1.1◦C higher than that observed during the period 2010–
2014.

Variations in Monsoon
The variation in monsoon and departures from normal during
June to September was found to be different during all years
particularly in 2013 and 2014. The rainfall during June and July
of 2013 was 60 and 14% more than the normal. Monsoon was
deficient during June/July of 2014 but 74 and 22% more during
August and September.

The total rainfall showed a negative deviation from normal
during 2012 (−24%) and 2015 (−26%) and was above normal
in 2013 (+26%) and near normal in 2011 and 2014. When the
deviation trend in monthly rainfall during monsoon (June to
September) was plotted it showed wide fluctuations (−50% to
+74%). The widest deviation from normal was observed in July,

August, and June rainfall. After 2012, the deviation in September
rainfall was moderate and was mostly positive.

Changes in El Niño/Southern Oscillation – ENSO
ENSO is the most important coupled ocean-atmosphere
phenomenon that causes global climate variability on inter-
annual time scales. The multivariate ENSO index (MEI)
plotted from 2010 to 2015 showed that the index which was
positive during the early part of 2010 declined and remained
negative from June–July 2010 to April–May 2012 (Figure 11).
Subsequently the MEI fluctuated without much deviation until
February–March 2014, and then increased to high levels in
August–September 2015.

Phytoplankton Densities
The phytoplankton cell densities in sardine fishing areas
fluctuated between 1.57 × 104 cells l−1 in April 2013 and
3.1× 106 cells l−1 in March 2014. The average values were high in
2011 and 2012, declined in April 2013 and then reached very high
densities from June 2013 to December 2014. These high values
were primarily due to phytoplankton blooms of diatoms species
such as Skeletonema, Chaetoceros, Bacteriastrum, and Fragilaria,
besides harmful dinoflagellate blooms of Trichodesmium (April
2014) and Notiluca (September 2013). In 2010, 2011, and 2012
there were phytoplankton density peaks during monsoon.

Larval Predators - Jellyfishes
During June 2013 and Aug–September 2014, in the inshore
surface and column waters of the main sardine fishing area
from 5 to 30 m depth zone, jellyfish blooms were observed.
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FIGURE 11 | Bimonthly multivariate ENSO index (MEI) values from 2010 to 2015.

The Hydrozoan jellyfish (Aequorea pensilis), Scyphozoan jellyfish
(Lychnorhiza malayensis) and crown jellyfish (Netrostoma
coerulescens) were observed in the sardine habitat at biomass
of 1483, 918, and 4625 kg.nm−2 during June 2013, August
and September 2014, respectively. Predation by these macro-
plankters would also have affected oil sardine recruitment.

Principal Component Analysis and Relative
Importance Model
Principal component analysis results (Figure 12) indicated that
the abundance of sardines in both MRS and OBRS showed
similar relations. Sardine abundance, recruitment and female
maturity were more influenced by rainfall, upwelling (LTA),
chlorophyll, MEI and salinity. The influence of dissolved oxygen
and phytoplankton density were relatively low. The first 3 axes
explains the majority (72.8%) of the variance in the data as
indicated by the Eigenvalues (Table 4).

The assessment of relative contributions of different
parameters/regressors to the fitted multiple linear regression
model indicated that the CPUE in OBRS was influenced by
MEI, PHY, LT10, DOX, and LTA in decreasing order (Table 5).
Other parameters showed minimal influence. In MRS, the major
regressors which influenced the CPUE were MEI, PHY, RNF,
LTA, and DOX in decreasing order (Table 5). The proportion of
variance explained by the model for CPHOBRS was 59.7% and
for CPHMRS was 47.9%.

DISCUSSION

Fishery Dependent Factors
Change in Gear Length/Depth and Engine Power
An assessment of the ring seine fishery of Kerala using time series
data on catch and effort during the period 1984–2004 through
surplus production model had indicated that the fishing was close
to the state of equilibrium in 2007 (Balan and Sathianandan,
2007). However, even after 2008, more units were operated and
more intense fishing was carried out. The MSY estimated was 0.23
million tons (Balan and Sathianandan, 2007) and the landings
exceeded these figures during 2010 and 2011 before peaking to
0.39 million tons in 2012. Earlier MSY estimates of oil sardine for
the entire west coast were much lower indicating the fluctuating
nature of the sardine biomass (Sekharan, 1974; Annigeri et al.,
1992).

In the present investigation, overfishing is identified as one of
the reasons for oil sardine fishery decline and the modifications
made in the gear, increase in effort and area of operation have
contributed to overfishing. In India, since last one and half
centuries, sardines have been fished from coastal waters mainly
using seines (ICAR, 1971; Pillai et al., 2003) but recently these
have been enlarged in size.

In the recent past, the gear dimensions were increased.
The length and width of these seines increased from about
42 m × 5.2 m in 1960s to 620 m × 100 m in 1990 and to
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FIGURE 12 | Biplot of principal component analysis (PCA) for environmental data and oil sardine abundance [CPHOBRS (a) and CPHMRS (b)], recruitment [LT10
(c)] and maturity [GT14 (d)] in southeastern Arabian Sea.

about 900 m × 90 m in 2004 (Edwin et al., 2010). The engine
capacities were increased and the number of units also exceeded
the number recommended by fisheries institutes (Edwin et al.,
2010; Bhoopendranath and Hameed, 2012). Our observations
indicate that the engine capacity of the motorized country crafts
were more than doubled to 65 hp while the inboard engine crafts
were nearly doubled to 190 hp. The increased catch during 2012
can be attributed to the increased efficiency in fishing gear leading
to increased fishing effort and extension of fishing grounds.

The increase in gear length would have led to increase in
efficiency and more volume of the shoal would have been trapped
by the encircling gear. The size of sardine shoal has been

estimated to range from 2 to 20 m in length and depth (Balan,
1961) and their speed as 5 km hr−1. Smaller shoals are also known
to make rippling sounds and join to form larger shoals and larger
gears can completely encircle the shoal.

Increase in Effort and Catch Per Unit Effort
During the period 2013–2015, the effort as well as the CPUE of
both MRS and OBRS units decreased considerably which forced
the units to abstain from fishing in 2015. In fact, the increase
in effort during 2012 should have resulted in low CPUE if the
sardine biomass was low. However, the CPUE was not affected
in 2011 and 2012 mainly because there was high abundance of
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TABLE 4 | Eigenvalues and the explained variance and cumulative variances of
the principal components limited to 5 axes for oil sardine environmental data in
southeastern Arabian Sea.

Axis 1 Axis 2 Axis 3 Axis 4 Axis 5

Eigenvalue 2.69 1.40 1.02 0.75 0.54

% of variance
explained

38.36 19.99 14.51 10.76 7.68

Cumulative %
of variance
explained

38.36 58.36 72.87 83.63 91.31

TABLE 5 | Percentage of variance in CPUE (CPHOBRS and CPHMRS) explained
by the parameters rainfall (RNF), multivariate ENSO index (MEI), local thermal
anomaly (LTA), salinity (PSU), dissolved oxygen (DOX), chlorophyll a (CHL),
phytoplankton (PHY), greater than 14 mm fish (GT14) and less than 10 mm fish
(LT10) and the percent contribution of each variable to the fitted regression model.

Response variable CPHOBRS CPHMRS

Relative importance (%)

RNF 6.15 13.53

MEI 33.12 28.85

LTA 7.80 10.07

PSU 1.25 4.54

DOX 9.46 9.84

CHL 3.94 4.04

PHY 22.39 24.13

GT14 0.89 1.33

LT10 15.01 3.66

Total 100.00 100.00

Proportion of variance explained by the model (%) 59.74 47.86

sardines in the coastal waters. The reason maybe the favorable
environmental conditions that led to successful recruitment
which led to high biomass. The sardine biomass declined in 2013,
2014, and 2015 which is indicated by the low CPUE in spite of
reduction in effort and this is clearly evident in the catch per
hour obtained during the period by MRS and OBRS units. Similar
decline in catch rates have been recorded in forage fishes and it
has been observed that such population collapses shared a set of
common and unique characteristics such as high fishing pressure
for several years before collapse and a sharp drop in natural
population productivity (Essington et al., 2015).

Fishing Beyond Conventional Fishing Grounds
Before modernization, the sardine fishing was restricted to
about 16 km from the shore (Nair and Chidambaram, 1951).
Subsequently, fishing was expanded to about 25 m depth zone
along the coastline. In all the documents on sardine fishery
during the 19th century to this century, it has been indicated that
sardines are not available in near shore areas after March and they
are presumed to migrate to inshore waters during June (ICAR,
1971). The present study indicates that sardines are available in
areas beyond 30 m depth during the pre-monsoon season and
exploitation of this hitherto unexploited portion of the stock
would have affected stock regeneration.

Biological Variations
Length Frequency
During 2012, excessive exploitation of juvenile were observed and
this would have affected the sardine population in the subsequent
years. In recent years there was a decline in smaller size groups
and the modal length increased indicating low recruitment
which can also be due to unfavorable environmental conditions.
Studies (Chidambaram, 1950) on the length frequency of oil
sardine during 1936 to 1943, coinciding with high catch in 1930s
followed by collapse of fishery in 1943, indicated that when
immature sardines were caught in large quantities, it resulted in
proportionate reduction in the number of spawners in the fishery
in succeeding years. Thus it is inferred that the excessive capture
of juveniles affected the stock to a considerable extent.

The fisheries-induced changes in age structure may impact
the dynamics of the stocks in various ways (Rouyer et al., 2011)
and in the present situation the exploitation of juveniles caused
an imbalance in the age structure to a population that has
already been impacted by the low productivity and high abiotic
stress in the preferred habitat. All size classes of oil sardine
were significantly influenced by environmental variables such as
rainfall, salinity and dissolved oxygen.

Sardine Reproduction – Maturity, Spawning and
Recruitment
The successful recruitment during 2012 can be attributed to the
good maturation and successful spawning for a prolonged period
(May–November). This can also be related to the comparatively
low temperature in the sardine habitat during this period.
Similar instances have been observed in Monterey Bay sardine
Sardinops caerulea a temperature dependent species which forms
a fishery on the west coast of North America. Upwelling and
cold water have been correlated with higher catches and catch
per unit of effort (CPUE) for the Monterey Bay sardine, whereas
warmer water produced lower catch and CPUE, especially during
an El Nino event (Lluch-Belda et al., 1986). It was evident
that the favorable environment led to prolonged spawning and
this was reflected in the year classes. Conversely, when warm
waters spread the coastal areas as during an El Nino event, the
Californian sardines restrict their movement and the catch rates
decline. Several commonalities with the Californian sardines and
Japanese sardines (Kawasaki and Omori, 1988) exist along the
southwest coast of India. Earlier fluctuations in oil sardine fishery
have been related to the surface temperature, specific gravity of
seawater, availability of food, spawning and survival of the young
ones (Nair and Chidambaram, 1951).

Our evidences show that in the oil sardine all reproductive
activities were heightened during the comparatively cooler period
and were very poor in 2015. Based on this, we conclude that
Indian oil sardines are affected by El Nino as indicated by high
and positive MEI values and the high negative correlation of
catch rates with MEI. Though this is a tropical habitat, within
the low range of temperature fluctuations, oil sardines prefer the
cooler period than the warmer period. This preference for lower
temperature may be the reason for sardine catches in deeper
waters during March when the surface waters are comparatively
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warm. This can also be the reason for the disappearance of
oil sardine from coastal surface waters during the period. They
become partly demersal during the warm period and maybe that
is the reason for their availability in mid-water trawls during the
summer months.

The oil sardine fishery along the southeastern Arabian Sea is
mainly by the 0-year class and this makes the fishery vulnerable
to factors which control recruitment. The oil sardine fishery along
Oman coast also depends on the current year’s recruitment (Al-
Jufaili et al., 2006; Zaki et al., 2012). After a detailed analysis
of the length frequency of sardine landed along Kerala coast
during the period 1962–1966 it was concluded that the juvenile
broods born during June to August support a good fishery while
those born later in the year September/October fail to establish
themselves due to weaker number (Raja, 1969). In 2013 and 2014
the oil sardine spawning was erratic and was extended to periods
beyond August. The resultant broods would have been weak due
to the dinoflagellate blooms in 2013 and the early chlorophyll
maxima in 2014. The recruitment success was not strong as that
of 2010, 2011, and 2012 when spawning and recruitment were
early.

From the evidences gathered in the present study it can
be is concluded that maturation in April/May, spawning in
May/June/July and recruitment by July/August would support
a good population of 10–14 cm size group which would lead
to good spawning population in the ensuing year; provided,
food is not limiting and there are no environmental stressors.
Recruitment was mostly during July/August in almost all years.
However, during 2013 and 2014, more recruitment was during
August/September extending even up to October. Because of
delayed spawning the food availability for the recruits was
affected. This supports the match-mismatch hypothesis proposed
by Cushing (1990) and later expanded by Ji et al. (2010), Asch
(2015), and Checkley et al. (2017).

The environmental stressors especially salinity stratification,
hypoxic conditions, predator pressures and the competition for
food during the period with other ichthyoplankton would have
led to larval mortality and/or low rates of larval survival. The
maturation process was strongly and positively influenced by
rainfall and spawning by LTA. Low recruitment led to decline
of the fishery during 2013–2015. In 2015, the impacts of poor
maturation during May and occurrence of large percentage
of spent resting oil sardines (due to gonad atrophy) indicate
poor spawning strength. The 2015 maturation process was also
weak and much narrower as indicated by low GSI values. In
earlier studies, spent resting stages were not observed during
a larger part of the year (Longhurst and Wooster, 1990).
This also would have led to poor recruitment. Availability of
appropriate food is a perquisite for gonad maturation (Hunter
and Leong, 1981). During 2015, phytoplankton density was low
and the chlorophyll maxima occurred very late in the year
which are indicative of low food availability. Moreover, the poor
upwelling would have prevented nutrient enrichment. Changes
in sardine reproductive traits in the northern Atlantic and
the western Mediterranean have been found to be related to
environmentally driven changes in food availability (Silva et al.,
2006).

Environmental Variations and Impacts of
Ocean-Atmospheric Phenomena on
Sardine Habitat
The major coastal and ocean atmospheric events controlling the
Malabar upwelling region which is the major habitat of Indian
oil sardine have been described in detail (Madhupratap et al.,
1994). A diagrammatic calendar on the biology of oil sardine and
the major environmental events controlling these changes have
also been presented (Longhurst and Wooster, 1990). Though
no correlation was found between rainfall and landings, it was
agreed that the major period of oil sardine abundance occurred
only during periods when monsoon onset was trending toward
earlier rather than later dates (Longhurst and Wooster, 1990).
In the present study also rainfall was found to be positively
correlated to juvenile abundance and maturity stages and PCA
confirmed maximum influence of rainfall. However, high rainfall,
very high positive departure from normal monsoon (during JJAS)
was also found to negatively affect recruitment. Here, the theory
of optimum environmental window becomes significant (Cury
and Roy, 1989).

Longhurst and Wooster (1990) have argued that events taking
place during the early part of the year, especially March/April,
have more influence on success of sardine fishery. We also agree
with this observation since we have found that the GSI starts
increasing from these months clearly indicating the relationship
between, nutrient enrichment from upwelling followed by diatom
bloom leading to maturation. Lack of food during this period can
lead to gonad atrophy (Raja, 1964) or even poor maturation as
was observed during 2015. Thus, we also argue that the events
during the pre-monsoon period is important. A good monsoon
by itself cannot guarantee successful recruitment, if good gonad
maturation has not taken place during pre-monsoon period.
Hence we conclude that initiation of upwelling during pre-
monsoon (for maturation); followed by normal monsoon (for
spawning); which increases the food availability in the near shore
waters that is essential for growth of juveniles (for recruitment)
are key to the overall success of the oil sardine fishery.

Low Oxygen
One of the reasons which affected oil sardine recruitment in
2013 is the low oxygen during August in the inshore waters.
Such oxygen deficient upwelled waters in the Arabian Sea have
been observed earlier also (Muraleedharan and Prasannakumar,
1996; Gupta et al., 2016). It has been indicated by Longhurst
and Wooster (1990) that if such low oxygen water spreads the
shelf before the spawners enter the coastal waters, then they
may be prevented from reaching the near shore waters and this
can lead to a poor fishery. Such an instance has been observed
in 1994 (Kripa et al., 2015) when very low oxygen values were
reported in the near shore waters. In this investigation, oxygen
deficient waters were found to affect the early life stages of the
sardine and the spawners. It has been observed earlier that low
oxygen waters is not a near bottom feature, rather it rises to
within 10 m of surface off Kochi toward the end of monsoon
and this favors the oil sardine fisheries as indicated by the positive
correlation of oxygen with catch rates. However, the low oxygen
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condition during intense upwelling toward end of monsoon can
affect recruitment of sardine as in 2014 and 2015. Both juveniles
and adult sardines are affected by low oxygen values as indicated
by the correlation analysis and the relative importance model.

Phytoplankton Variation - Low Food Availability
The oil sardine has been identified mainly as a filter feeder,
and its main food consists of diatoms, dinoflagellates and small
zooplankters (Remya et al., 2013). However, it has been observed
that the intensity of grazing is high even in 10–20 m depth and
that very rich feeding grounds exist at these depths. A common
characteristic of forage fish collapse is the high fishing pressure
for several years before collapse combined with a sharp drop in
natural productivity (Essington et al., 2015). In the present study
these two factors are clearly evident. Remarkably, phytoplankton
densities were inversely correlated with oil sardine catch and
catch rate and the relative importance model showed that food
was a major factor affecting abundance. This may be due to high
levels of grazing during periods of high abundance and catches.
A similar inverse relationship between phytoplankton abundance
and pelagic fish biomass in the Mediterranean Sea has been
observed (Patti et al., 2011).

Upwelling
The LTA index which indicates the strength of the upwelling
was positively correlated with maturity of oil sardine particularly
partially spent females. Processes related to upwelling along the
Kerala coast is usually initiated by early April much before the
monsoon (Longhurst and Wooster, 1990). This correlation gives
a clue that the initiation of maturation in oil sardine is trigged by
the initiation of upwelling. However, this needs to be investigated
in greater detail.

Upwelling is a major oceanographic phenomenon happening
along the west coast of India with high inter-annual variations
in its intensity. Most pelagic fishes take advantage of the
upwelling and the resulting higher primary productivity during
the monsoon season by timing their breeding and spawning
to coincide with this period (Madhupratap et al., 1994). The
upwelling index along Kerala coast showed an increasing trend
from 1998 to 2007 which resulted in higher catches of small
pelagics (Manjusha et al., 2013). The LTA values in the present
study were generally positive up to 2012, and thereafter, showed
a declining trend. Furthermore, climate change is expected to
affect sardine and anchovy populations through ocean warming,
change in nutrient supply and changes in food webs (Checkley
et al., 2017). Therefore, the environmental events and their timing
is of great importance in the maturation process, spawning and
recruitment success of oil sardines in the southeastern Arabian
Sea.

Impact of El Niño/Southern Oscillation - ENSO
Globally, 2015 has been considered as a warm year with high
temperature and low food in the oceans (Diamond and Schreck,
2016). The average seawater temperature in sardine habitat was
29.8◦C during 2015, which is nearly 1.1◦C higher than the average
observed (28.6◦C) for the last 5 years. Positive SST anomalies
exceeding 0.6◦C dominated in the tropical Indian Ocean. There

was a substantial warming in the tropical Indian Ocean, partially
due to influences of the 2015 El Niño. The mean SST in the
tropical Indian Ocean increased by 0.13–0.2◦C in 2015, becoming
the warmest year since 1950 (Xue et al., 2016). Explicably, the
oil sardine catch and catch rates were negatively correlated with
MEI and the relative importance model showed that MEI was the
most important parameter explaining the variance (33%), thus
indicating that the El Niño had negatively affected the sardine
stock and its fisheries. In the round herring (Etrumeus teres)
fishery in Ecuador, landings were related to the MEI in a non-
linear analysis by up to 80% (Ormaza-González et al., 2016).
Among the different factors affecting spawning and recruitment
of anchoveta populations, El Niño has been reported as the most
striking (Checkley et al., 2009).

Biotic Pressures
Intense blooms of four species of jellyfishes were observed in
the sardine habitat especially in the shallower regions during the
peak recruitment period. It is presumed that this would have
contributed partly to the recruitment failure since they predate on
zooplankton and fish larvae and are known to affect recruitment
in fish populations (Lynam et al., 2005). They occupied the same
niches preferred by young oil sardines. When they form blooms,
jellyfishes can disrupt pelagic ecosystems (Mills, 2001). In the
recent years, jellyfishes have been considered to prey on the young
stages of small pelagics and compete for their food (Roux et al.,
2013).

The oil sardine along the coast of Oman has also shown inter-
annual changes and has exhibited a declining trend from 2001 to
2011. The major reasons cited are rising sea temperature, thermal
stratification of the water column and the trophic pressure
imposed on sardine populations by large pelagic predators
(Piontkovski et al., 2011).

Sardine Fisheries Management and
Conclusions
The Indian oil sardine plays a major role in coastal economy of
Kerala and is nicknamed as “family provider.” During 1895 the
demand from the oil and fertilizer industries prompted fishermen
to use small meshed nets along the Malabar (part of Kerala) Coast
which led to harvesting of fishes less than 10cm. However, it is
documented that elderly fishermen who had the foresight to see
the danger behind use of these nets requested the local village
authorities to ban use of these nets which they believed would
destroy the stock of their preferred fish (Nair and Chidambaram,
1951). Maybe this move by fishermen about 120 years back is
the first record of fishermen themselves coming forward with a
request to impose ban on small meshed nets for protection of
sardine fishery resources in the Indian sub-continent.

In 1943, when the sardine fishery declined and collapsed, the
then Government of Madras, which had the control of fisheries of
Kerala State restricted fishing of oil sardine in Malabar which was
later extended to another 2 years from 1945. This rule prohibited
use of small meshed nets for immature sardine all through the
year and also controlled juvenile fishing by prohibiting landing
of oil sardine below 15 cm. The legislation lapsed in 1947 due to
practical difficulties encountered in enforcement.
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In 2014, when the sardine fishery reached the declined status,
the scientists recommended to the Government to ban fishing
and landing of oil sardines below 10 cm (Mohamed et al., 2014).
In the same year Government of Kerala promulgated the ban
on juvenile fishing. The fishermen also understood the need
for protecting juveniles and abstained from juvenile fishery. In
similar instances, in other sardine fisheries, short term regulatory
mechanism have been introduced to protect the stock. It has been
indicated that in 1985 when more juveniles of Monterrey Bay
sardine were present in the surface waters the fishery was declared
as closed to prevent growth overfishing (Lluch-Belda et al., 1986).

The age and size structure of exploited fish stocks is one
of the criteria for Good Environmental Status of commercial
fish (Brunel and Piet, 2013). The stock collapse of sardine and
anchovies in California was largely unavoidable regardless of
exploitation level (Lindegren et al., 2013). Although lower catch
ratios would not eliminate the probability of collapse, reducing
exploitation would markedly affect the rate of decline i.e., delay
the stock collapse and accelerate its subsequent recovery.

The MSY for oil sardines in Kerala has been estimated
as 250,000 tons (Balan and Sathianandan, 2007) and from
2010 till 2013 (4 years), the catch has consistently exceeded
this target. This over exploitation combined with unfavorable
environmental conditions, have put the stock under pressure
leading to decline in abundance. Based on historic catch
records it has been estimated that oil sardine takes an average
8 years to recover after historic depletions (Mohamed and
Veena, 2016). It has been inferred that the Indian oil sardine
makes short inshore migrations for spawning along the Kerala
coast. Just before spawning the adult sardines move toward
the coast and then after spawning, the juveniles are more
abundant in the near shore waters. The dependence of these
life stages on each of these coastal niches can play significant
role in the stock recovery process and the physical as well
as biotic changes within the habitats can affect their survival.
In order to make more meaningful spatial management of
these stocks, better understanding of the stock migration is
necessary.

A large number of fishers are dependent on the Indian oil
sardine for their livelihood, and the current stock depletion has
affected their economic well-being. Evidence gathered in the
present study indicate that the key factor influencing oil sardine
biomass in the Arabian Sea off Kerala is MEI and the resultant

changes in food availability, rainfall, upwelling and dissolved
oxygen. The unbridled increase in fishing effort and capacity is
also partly responsible for the present crisis. Maintaining more
abundant populations is a way to increase the species’s capacity to
adapt to environmental change (Sumaila et al., 2011). Although
the stock productivity and recruitment are affected by various
ocean-atmosphere phenomena listed above, in order to give a
reasonable stability to the stock population density, it is necessary
that the fisheries administration of the Kerala State urgently
execute effort control and introduce a fishery closure during the
peak breeding and/or spawning period.
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