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ABSTRACT: Between January  1995 and August 1996, suspended m atter and Zooplankton w ere sam ­
pled at different locations in a m angrove ecosystem located in the Gautam i Godavari estuary and 
adjacent Kakinada Bay (Andhra Pradesh, India). Suspended m atter was sam pled at 13 different s ta ­
tions, and was found to have a highly variable carbon stable isotope composition, w ith S13C values 
ranging overall betw een -30 .94  and -19.18%o, and a highly variable elem ental (C:N) composition. 
Our data suggest that the phytoplankton com ponent has a seasonally and spatially variable S13C sig­
nature, which is surpressed by the terrestrial signal but may at times fall in the same range as the S13C 
of the allochtonous matter. It is argued that the phytoplankton S13C decreases after the onset of the 
monsoon rains, most likely due to the 13C-depletion of the DIC pool caused by the microbial respira­
tion of the allochtonous organic matter. At each of the 4 sites selected for concurrent Zooplankton 
sampling, the Zooplankton showed a m uch w ider range of S13C than did the suspended matter, with 
overall S13C values betw een -30 .14  and -16 .45  %o. In addition, spatial differences in average S13C 
w ere m uch more pronounced for Zooplankton than for total suspended matter. These data indicate 
that Zooplankton feed on a com ponent of the suspended m atter pool, w hich has more pronounced 
seasonal and spatial S13C variations than  the total suspended matter. Thus, despite the large amounts 
of terrestrial and m angrove detritus presen t in the w ater column, the locally produced phytoplankton 
appears to be a more im portant carbon source for the Zooplankton.
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INTRODUCTION

M angrove forests are often considered to be highly 
productive tropical ecosystems (Clough 1992). There 
is, however, still a lot of uncertainty on the fate of the 
large am ounts of leaf litter produced by these systems. 
The 'outwelling hypothesis', stating that large amounts 
of m angrove detritus are exported to the aquatic n ear­
shore environment (reviewed by Lee 1995), w here they 
enhance or sustain secondary productivity, has been
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the subject of m uch debate. Based on gut-content an a ­
lysis of m angrove-inhabiting fauna, Odum & Heald 
(1975) stated that the major energy flow in these eco­
systems occurs via the incorporation of microbially en ­
riched m angrove detritus into secondary producers, 
w hich in turn  support higher trophic levels. Although 
an appealing hypothesis, considering the high produc­
tivity of these trees com pared to other prim ary p ro ­
ducers such as phytoplankton and microphytobenthos 
(Robertson et al. 1992, Alongi 1994, Gattuso et al.
1998), a num ber of recent studies have led to the con­
clusion that the im portance of these other prim ary p ro ­
ducers which have a higher nutritional value due to
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their higher nitrogen content, may have been  under­
estim ated (Stoner & Zimmerman 1988, Ambler et al. 
1994, Newell et al. 1995, Primavera 1996, M arguillier 
et al. 1997, Loneragan et al. 1997, France 1998). Simi­
lar conclusions have been  obtained in a variety of other 
estuarine systems (e.g. Sullivan & Moncreiff 1990, Dee- 
gan & Garrit 1997). Others, on the other hand, have 
concluded that m angrove detrital m aterial constitutes 
an im portant food source for m any aquatic organisms, 
yet only on a limited spatial scale, w ith phytoplankton 
becom ing the prim ary carbon source in nearby coastal 
w aters (Rodelli et al. 1984).

Suspension-feeding copepods often form the bulk of 
the Zooplankton in estuarine ecosystems. Although re ­
sults are contradictory, several experiments have shown 
convincing evidence that, besides being size-selective 
feeders, these organisms are capable of discriminating 
betw een live and dead algae (DeMott 1988, 1995 and 
references therein). Most of these results w ere ob­
tained in laboratory experiments w here copepods were 
offered only pairs of different particles, and DeMott 
(1995) stresses that these may be m isleading or irre ­
levant to understanding copepod feeding selectivity 
under natural conditions. Estuarine Zooplankton, how ­
ever, are often considered to be indiscriminate, non- 
selective feeders (e.g. Hummel et al. 1988, Turner & 
Tester 1989). Considering the potentially important role 
of Zooplankton as a trophic link betw een prim ary pro­
ducers and higher trophic levels, w hich include many 
commercially im portant species, it is surprising that 
most stable isotope studies in m angrove ecosystems 
have not incorporated Zooplankton analysis (Rodelli 
et al. 1984, Fleming et al. 1990, Newell et al. 1995) or 
have been  limited to a relatively small num ber of m ea­
surem ents (Stoner & Zimmerman 1988, Ambler et al. 
1994, Dittel et al. 1997, M arguillier et al. 1997) and did 
not include a thorough discussion of the possible car­
bon sources for Zooplankton. As Robertson et al. (1992) 
noted, the relative im portance of m angrove carbon 
and other sources to Zooplankton nutrition in these 
ecosystems thus rem ains largely unknown.

Analysis of the natural abundance of carbon and 
nitrogen stable isotopes provides a powerful method 
to trace sources and transfer of organic m atter through 
foodwebs (Peterson & Fry 1987), provided that differ­
ent prim ary producers have a distinct isotopic signa­
ture, and based on the assumptions that fractionation 
of 13C betw een an organism  and its diet is small or n eg ­
ligible (0 to 1 % o ; DeNiro & Epstein 1978), and that 
organisms are enriched in 15N relative to their diet by 
an average of 2.6 (Owens 1987) to 3 .4 % o  (M inagawa 
& W ada 1984). These fractionation values should be 
treated  with some caution, as there is some recent evi­
dence for differences in 15N enrichm ent depending on 
the nitrogen content of an organism 's diet (Fantle et al.

1999). Elem ental and stable isotope analysis has been 
used in a large num ber of studies to determ ine the spa­
tial and/or tem poral distribution of different sources 
of organic m atter (allochthonous detritus and local 
phytoplankton) in suspended m atter and sedim ents of 
estuarine systems (e.g. Cifuentes et al. 1996, O gaw a & 
Ogura 1997, M iddelburg & N ieuw enhuize 1998, H el­
lings et al. 1999). The majority of these studies focus on 
tem perate ecosystems, but several authors have used 
this approach to characterise suspended organic m at­
ter sources in tropical m angrove ecosystems (Rezende 
et al. 1990, Hem m inga et al. 1994, Cifuentes et al. 
1996, Dehairs et al. 2000). These studies have shown 
that suspended organic m atter in these systems is com­
prised of a highly variable proportion of terrestrial 
detritus and algae (and seagrasses w hen present), and 
that substantial spatial, seasonal, and tidal variations 
in the S13C signal of suspended m atter may occur. Such 
variations should be taken  into account w hen sus­
pended  m atter S13C data are used in foodweb analysis 
(Goering et al. 1990, Cifuentes et al. 1996), but this 
aspect is still neglected in m any studies. Large sea­
sonal and spatial variations have also been  observed in 
Zooplankton S13C and S15N, both in m arine and coastal 
environm ents (Fry & W ainright 1991, Malej et al. 1993, 
W ainright & Fry 1994, Zohary et al. 1994 and refer­
ences therein) and freshw ater ecosystems (Toda & 
W ada 1990, Yoshioka et al. 1990), w ith variability g en ­
erally being larger in freshw ater ecosystems (Zohary 
et al. 1994).

In this study, we w anted  to gain insight into the 
sources of organic m atter present in the suspended 
m aterial in an estuarine m angrove ecosystem located 
near the m outh of the Gautam i Godavari, A ndhra Pra­
desh, India, by m easuring elem ental (C:N) and stable 
carbon-isotope ratios in suspended particulate organic 
m atter (SPOM), collected at monthly intervals betw een 
January  1995 and August 1996 at 13 different loca­
tions, representing different environm ental conditions. 
In addition, we w anted to assess w hether the use of 
stable carbon- and nitrogen-isotope ratios could p ro ­
vide evidence for selective or non-selective feeding of 
Zooplankton on different components of suspended 
matter. These data would also provide some baseline 
information on the spatio-tem poral variability of sus­
pended  m atter and Zooplankton isotope ratios, which 
could be useful for further studies on the trophic 
dynamics in this ecosystem.

MATERIALS AND METHODS

Study area. The study site (Fig. 1) comprises the 
area betw een K akinada Bay and the Gautam i 
Godavari branch of the Godavari, the second largest
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river in India, and is located in the southeastern state 
of Andhra Pradesh (between 16° 43' and 17°00'N , 
and 82° 15' and 82°22'E). The Godavari has a m ean 
annual discharge of 1.1 x IO11 m3, of which 93 to 96% 
occurs during the w et monsoon, and it is recognized 
as one of the largest POC (particulate organic car­
bon)-transporting rivers in the world (Gupta et al.
1997). The Gautam i Godavari opens into the Bay of 
Bengal, but has several branches into Kakinada Bay, 
the largest and most im portant being Coringa (total 
length of 26 km) and G aderu (total length of 11 km). 
The area is dom inated by m angrove forests and tidal 
mudflats, the most abundant species being Avicennia  
marina, A. officinalis, Excoecaria agallocha, Sonnera­
tia apetala, Rhizophora mucronata  and R. apiculata 
(Azariah et al. 1992, Satyanarayana 1997). The shal­
low K akinada Bay (depth at high tide ranging from 
3 to 8 m), which covers approxim ately 150 km 2, opens 
into the sea on its northern side, and is bordered along

most of its eastern length  by a narrow  sand bar, which 
experienced a breakthrough along its southern end 
after the Novem ber 1996 cyclone. Tides are sem idiur­
nal, and tidal am plitude in the Bay varies betw een  2.3 
and 4.5 m (Sreenivas 1998), but is less in the man- 
grove-covered areas.

The town of Kakinada (population -500 000), which 
hosts a large fishing harbour and several fertiliser fac­
tories, is located on the w est side of Kakinada Bay. The 
w hole area serves as an im portant fishing area for the 
local community, as well as for the collection of crabs, 
praw n 'seed ' (mainly Penaeus monodon  and P. ind i­
cus), and firewood. Due to increased hum an pressure 
(sewage, aquaculture ponds) and pollution, the area 
has w itnessed a significant decline in biodiversity dur­
ing the last 40 yr (Chandra M ohan et al. 1997).

In general, 4 seasons can be distinguished in the 
area, although substantial year-to-year variations in this 
pattern  can be observed: (1) a cool and dry season 
from D ecem ber to February; (2) a hot and relatively 
dry period from M arch to June; (3) abundant rains 
during the hot Southwest monsoon (July to Septem ­
ber), w hen almost freshw ater conditions prevail in the 
w hole area; (4) a cooler transitional period during 
w hich estuarine and m arine conditions are re-estab ­
lished in the Bay and m angrove creeks (October to 
November).

During the period of this study, however, a bimodal 
rainfall distribution was noticed, w ith highest rainfall 
occurring in May 1996 and Novem ber 1996.

Sample collection and preparation. During the p e ­
riod from January  1995 to A ugust 1996, Zooplankton 
samples w ere collected at 4 different locations, rep re ­
senting different environm ental and hydrological set­
tings (Fig. 1): Kakinada North Bay (K2), at the m outh of 
Coringa (C^, central G aderu (G3), and at the mouth 
of the Gautam i Godavari (G6). Suspended m atter was 
collected at approxim ately monthly intervals at these 
and 9 additional locations. As it w as impossible to col­
lect all samples at the same tidal elevation, we exam ­
ined the tidal variability of 813CSPOm at 1 station (G3) 
during a 24 h period in Novem ber 1995.

Zooplankton samples w ere collected by towing a 
120 pm plankton net equipped w ith a calibrated TSK 
flow m eter at its opening. M aterial for stable isotope 
analysis w as kept in a cool box on board, and trans­
ported to the field laboratory, w here it was w ashed 
and dried at 60°C for 24 h. Subsam ples w ere fixed on 
board  in 5 % form aldehyde for quantitative studies 
and identification as discussed in C handra M ohan et 
al. (1997) and Sreenivas (1998). Samples w ere ground 
to a fine powder, and subsamples for S13C analysis 
w ere w ashed w ith diluted HC1 to remove carbonates, 
and redried. Subsamples for S15N analysis did not 
receive this acid treatm ent, as this has been  reported
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to affect S15N values (Goering et al. 1990, Bunn et al.
1995). SPOM samples w ere obtained by collecting 
approx. 250 ml of subsurface water, which was kept 
in a cool box during transport, and was later filtered 
on pre-com busted glass-fibre filters (Whatman GF/F). 
Filters w ere then dried at 60°C for 24 h and decalci­
fied under acid vapour. Due to their low nitrogen con­
tent, no SPOM S15N m easurem ents could be made. 
Salinity data are to be found in M urthy (1997) and 
Sreenivas (1998).

Measurement of elemental and stable isotope 
ratios. Most data on elem ental (C:N) ratios of SPOM 
w ere taken  from Dehairs et al. (2000). Some additional 
m easurem ents w ere m ade using a Carlo Erba NA- 
1500 Elem ental Analyser. Samples for stable isotope 
analysis w ere com busted in the same instrum ent, and 
the resulting gases (C 02 and N2) w ere separated  by 
cryopurification using a Finnigan M at CT-NT Trap­
ping box (for C 0 2), or w ith a m anual extraction line (for 
C 0 2 and N2). Stable isotope ratios w ere then m easured 
on a Delta E Finnigan M at isotope-ratio mass spec­
trometer, and are expressed relative to the conven­
tional standards, i.e. PDB limestone for carbon (Copien
1996) and atm ospheric N2 for nitrogen, as 8 values, 
defined as:

81? = [(Xsample -  Xstandard)/Xstandard] X  IO3 (% o )

w here R = 13C or 15N, and X  = 13C /12C or 15N /14N. The 
normal working standard  for carbon w as C 0 2 pro­
duced from carrara marble, and atm ospheric N2 was 
used as the working standard for nitrogen. The stan­
dard deviation of 10 aliquots of the same sample was 
lower than 0.17 and 0.2 % o  for 813C and 815N, respec­
tively.

RESULTS 

Elemental and stable carbon-isotope composition of 
suspended matter

SPOM 813C values varied overall betw een -30 .94  
and -19.18%o, but average values per location ranged 
from a minimum of -25.51 (at C 4 and C 2) to -2 2 .7 3 %o 
(at K3) (Table 1).

Suspended m atter was, on average, more enriched 
in 13C at the bay stations, although significant overlap 
occurred (Fig. 2, Table 1). Contrary to the expectation 
that this enrichm ent would increase along a linear g ra ­
dient towards the bay opening, i.e. from Stn K4 via K2 to 
Klr the reverse pattern  was observed (average 813C val­
ues = Kp -2 3 .5 5 %o; K2: -2 3 .3 3 % o ;  K4: -2 2 .8 3 %o), and 
most 13C-enriched values (-2 2 .7 3 %o) w ere observed at 
K3. Using a paired  f-test, this enrichm ent of K4 relative 
to K4 was significant (p = 0.041; a  = 0.05), although 
the average difference was relatively small (0.72 %o). 
A paired  f-test revealed that K2, K3, and K4 differed 
significantly from all Coringa, G aderu and Gautam i 
Godavari stations (p < 0.043; a  = 0.05), but SPOM from 
the northernm ost station (K4) was found to differ only 
from the 3 Coringa stations and the G aderu stations G2 
(p = 0.018; a  = 0.05), G3 (p = 0.004; a  = 0.05) and G4 
(p = 0.006; a  = 0.05). Most depleted average 813C SPOm 
values w ere observed in the 3 Coringa stations, which 
all had  an average value of -25 .5  %o (Table 1, Fig. 2). In 
G aderu, suspended m atter was found to be most d e ­
pleted  in 13C in the central station (G3: -25.21 %o), and 
becam e more enriched both towards Kakinada Bay 
(G2: - 24 .8 6 %o ; Gp -23.98%o) and towards the Gautam i 
Godavari opening (G4: -25.12%o; G5: -24.32%o) (Table 1,

Table 1. Average (±1 SD), minimum and maximum stable carbon-isotope ratios (813C, % o ) and elem ental (C:N) ratios of suspended 
particulate organic m atter (SPOM), and average salinity (% o )  at different sam pling locations in  the Gautam i Godavari estuarine 
region. A bbreviations of sam pling locations as in Fig. 1. Numbers in  parentheses: num ber of samples analysed. Most C:N ratios

from Dehairs et al. (2000), salinity data from M urthy (1997)

Stn 813C ± 1 SD Min. 613C Max. S13C C:N ± 1 SD Min. C:N Max. C:N Salinity

Ki -23.55 ± 1.25 (n = 16) -25.97 -20.82 9.98 ±4.88 (n = 15) 5.4 23.6 28.5
k 2 -23.33 ± 1.25 (n = 17) -25.75 -21.71 8.52 ± 2.44 (n = 17) 5.8 14.0 27.3
k 3 -22.73 ± 2.15 (n = 16) -26.30 -19.18 8.26 ± 2.44 (n = 15) 5.0 13.5 23.5
k 4 -22.83 ± 1.52 (n = 17) -26.43 -20.68 8.49 ± 3.21 (n = 15) 4.8 17.3 25.8

C i -25.51 ± 1.53 (n = 13) -28.81 -23.66 11.94 ± 8.79 (n = 13) 5.6 32.7 10.6
c 2 -25.51 ± 0.86 (n = 13) -26.59 -23.71 12.74 ± 11.18 (n = 12) 5.1 38.0 6.5
c 3 -25.50 ± 1.13 (n = 13) -26.83 -23.39 13.41 ± 12.18 (n = 11) 6.2 42.4 4.2

Gi -23.98 ± 1.23 (n = 16) -26.41 -22.00 9.29 ± 3.45 (n = 15) 6.0 20.5 18.8
g 2 -24.86 ± 1.85 (n = 16) -30.94 -23.15 8.71 ± 2.86 (n = 15) 5.0 15.2 17.5
g 3 -25.21 ± 1.58 (n = 18) -29.48 -23.22 8.29 ± 2.46 (n = 15) 5.7 13.2 17.6
g 4 -25.12 ± 1.64 (n = 16) -29.05 -23.22 8.67 ± 3.89 (n = 15) 6.3 20.5 15.3
g 5 -24.32 ± 1.65 (n = 16) -27.05 -20.95 10.08 ± 5.61 (n = 15) 3.9 27.8 16.3

Go -24.65 ± 1.31 (n = 17) -27.52 -22.31 9.23 ± 3.42 (n = 15) 5.4 17.2 15.6
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Fig. 2. Average stable carbon-isotope ratios (%0) of suspended 
particulate organic m atter (SPOM), collected at different lo­
cations in the Gautam i Godavari estuarine region betw een 
January  1995 and July 1996. Error bars = ±1 SD. Sampling 

locations (ordinate) are shown in Fig. 1

Fig. 2). This enrichm ent com pared to G3 is significant 
(paired f-test) in G 4 (p = 0.0077; a = 0.05) and G5 (p = 
0.012; a = 0.05). At the Gautam i Godavari station (G6), 
suspended m atter had an average 813C of -24 .65%0.

Seasonal variations in SPOM 513C values (i.e. the 
range of 513C values observed) at each location w ere 
larger than the average differences in SPOM 513C 
betw een different locations. An apparent depletion in 
13C can be observed during the transitional and dry 
season (between October and February), and is most 
pronounced in the Coringa and G aderu stations (Fig. 3, 
Table 2).

Overall, C:N ratios of suspended m atter ranged 
from 3.9 to 42.4; but average values for all stations 
w ere betw een 8.3 (at G3 and K3) and 13.4 (at C3) 
(Table 1, Fig. 4). Suspended m atter samples with 
C:N ratios higher than 12 are often considered to be 
indicative of containing mainly terrestrial detritus 
(Faganeli et al. 1988, Cifuentes et al. 1996). As shown 
in Fig. 4 (dotted line), these have an average 513C 
value of -25 .93 %o, which is within the range of values 
reported for typical terrestrial C3-plants (Peterson & 
Fry 1987). The bulk of samples with lower C:N ratios 
(including all but 4 of the Kakinada Bay and Gautami 
Godavari samples) are enriched in 13C relative to this 
detrital signal, but about 23% of all samples, the 
majority of which come from Coringa and Gaderu, are 
depleted in 13C (Fig. 4).

During the tidal cycle recorded at G aderu Stn G3 
in Novem ber 1995, 8 13C Sp o m  varied betw een -26.51 
and -28 .30  %o, and was well correlated with salinity 
fluctuations (R2 = 0.62; p = 0.012), with low 8 13C Sp o m  

values occurring at lower salinity (low-tide period) 
(Fig. 5).

Table 2 . Seasonal variations in suspended m atter ô 13C  (%o) at the different sam pling locations. *Data from Dehairs et al. (2 0 0 0 ) .
A bbreviations of sampling locations as in Fig. 1. nd: not determ ined

Month

Ki

Kakinada Bay

k2 k3 k4 Ci

Coringa

c 2 c 3 G, g 2

Gaderu

g 3 g 4 g 5

Gautami
Godavari

g 6

Jan 95 -23.04 -22.46 -23.01 -22.04 nd nd nd -25.36 -30.94 -26.94 -28.02 -26.70 -25.18
Feb 95 -23.67 -22.91 -22.49 -21.98 nd nd nd -23.37 -25.21 -24.32 -23.82 -22.65 -22.76
Mar 95 nd -22.95* -21.99* -22.55* nd nd nd -23.64* -24.07* -24.21* -23.64* -23.17* -23.36*
Apr 95 -20.82 -22.38 -20.00 -20.68 -26.34 -25.58 -23.39 -22.18 -23.87 -24.11 -24.75 -24.00 -24.02
May 95 -23.35 -21.71 -19.78 -21.29 -24.17 -24.24 -25.51 -23.60 -24.68 -24.12 -25.01 -24.40 -25.18
Jun 95 -23.67* -22.32* -22.37 -22.85* -23.66* -25.61* -26.39* -22.88* -24.49* -25.03* -24.41* -24.30* -22.81*
Jul 95 -24.12 -24.90 -23.76 -23.91 -26.41 -25.84 -25.04 -24.38 -23.59 -23.46 -23.58 -23.01 nd
Aug 95 -23.71* -22.43* -21.90* -21.79* -24.10* -25.46* -24.60* -24.12* -23.15* -23.22* -24.59* -24.95* -22.31*
Sep 95 -23.05 -22.56 -24.58 -23.43 -26.07 -25.99 -25.87 -25.65 -24.53 -26.14 -25.02 -24.29 -25.39
Oct 95 -23.78 -25.11 -26.30 -26.43 -26.49 -26.41 -26.67 -24.52 -24.38 -26.77 -25.42 -24.37 -25.84
Nov 95 -22.42 -22.76 -26.27 -22.01 -28.81 -26.59 -26.83 -23.49 -24.54 -29.48 -29.05 -27.05 -27.52
Dec 95 -25.10* -24.09* -22.16* -24.08* -24.26* -25.04* -23.95* -24.69* -25.01* -24.96* -24.51* -24.18* -24.16*
Jan 96 -24.25 -24.93 -24.83 -24.39 -27.24 -26.44 -26.67 -26.41 -26.78 -26.64 -27.12 -26.08 -25.08
Feb 96 -25.97 -25.75 -24.09 -23.67 -25.25 -25.80 -26.50 -24.69 -25.47 -26.15 -25.64 -26.37 -25.69
Mar 96 nd nd nd nd nd nd nd nd nd nd nd nd nd
Apr 96 -21.78 -21.77 -19.18 -21.57 -24.01 -23.71 -24.46 -22.74 -23.40 -24.22 -24.16 -20.95 -25.09
May 96 -23.20 -23.69 -21.00 -21.00 -24.89 -24.85 -25.63 -22.00 -23.63 -23.52 -23.22 -22.73 -25.11
Jun 96 -24.82 -23.96* nd -24.44 nd nd nd nd nd -25.25* nd nd -24.53*
Jul 96 nd nd nd nd nd nd nd nd nd -25.26* nd nd -25.01*
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Fig. 3. Average suspended m atter ó13C (% o),  from the different 
sam pling stations in (a) Kakinada Bay, (b) Coringa, and 
(e) G aderu (continuous line) and G autam i Godavari (dotted 
line) from January  1995 to A ugust 1996. Error bars = ±1 SD
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Stable carbon- and nitrogen-isotope composition 
of Zooplankton

The overall range of 813C values for Zooplankton 
(-30.13 to -16 .45 %o) was larger than the range of 
ö13CSpom values from the same locations (-29.48 to 
-21.71 %o; Tables 1 & 3). Zooplankton w ere most en ­
riched in 13C in Kakinada Bay (Stn K2, average 813CZP = 
-21.02 %o), but exhibited the largest range at this sta­
tion (-28.19 to -16 .45%o). The average Zooplankton 
513C at the 4 sampling locations followed the same 
trend in 13C-depletion as the suspended m atter from 
these stations (i.e. K2 > G6 > G3 > C^, but the 513C gra­
dient was more pronounced in the Zooplankton, caus-

Fig. 4. E lem ental (C:N) vs stable carbon-isotope composition 
(ô13C, %o)  of suspended particulate organic m atter (SPOM) 
from the different sam pling stations in (a) K akinada Bay, 
(b) Coringa, and (c) G aderu (G !-G 5) and G autam i Godavari 
(G6). Horizontal dotted lines represent average ô13CSPOm 

( - 2 5 .9 3  %o) for all samples with C:N > 1 2

ing Zooplankton to be on average enriched in 13C re la­
tive to the suspended m atter at K2 (by 1.80%o w hen 
using only data from months w hen both param eters 
w ere measured), G6 (by 2.92%0) and in G3 (by 0 .07%o), 
but depleted at (by 0.10%o) (Fig. 6). It should be 
noted, however, that there was a large variation in the 
513C difference of concurrently collected Zooplankton 
and suspended m atter (Fig. 7).



SP
OM

 
o 

C
Bouillon et al.: Sources of SPOM and selective feeding by Zooplankton 85

•  SPOM d l3C  

O salinity 

— -ù r  - C:N ratio

-26

-  12-26.5 -

-  10 o
-27 -

-27.5
- -  6

-28 -
-  4

-28.5
-  2

-29
09:00 12:00 06:0015:00 18:00 21:00 00:00 03:00 09:00

time (hours)

Fig. 5. Salinity (o), elem ental composition (A) and stable carbon-isotope compo­
sition (•, %o)  of suspended particulate organic m atter collected during a 24 h 
period at the central G aderu station (G3) on 16/17 N ovem ber 1995. Arrows point­

ing upwards: high tides; arrow pointing downwards: low tide

813C
-28 -27 -26 -25 -24

SPOM
-23 -22 -21 -20 -19 -18 -17-29

-17 

-18 

-19 

-20 
-21 

-22  - 

-23 - 

-24 - 

-25 - 

-26 

-27 -I 

-28 - 

-29

Fig. 6. Average Zooplankton ô13C (%0) vs average SPOM ô13C 
(in %o) for different locations. Only concurrently collected 
sam ples w ere used to construct this figure. Error bars = ±1 SD; 
dotted line represents ô13C for the Zooplankton food source 

assuming fractionation of 1 %o

OK2

o C1

A G3

•  G6

As observed for SPOM, most d e­
pleted values w ere usually observed 
betw een the middle of the monsoon 
period (i.e. September) and the m id­
dle of the dry season (i.e. February) 
(Fig. 7), and the range of 815N values 
observed at each station was larger 
than the average spatial differences 
(Table 3).

Zooplankton 815N values exhibited 
much less seasonal variation than the 
513CZP variations (Table 3). Due to the 
small sample sizes, it was impossible 
to analyse the 815N of all samples, 
which m akes it difficult to detect any 
clear seasonal trend in Zooplankton 
815N. Based on these data, however, it 
seems that Coringa Zooplankton w ere 
lower in 015N (+ 4.76 and + 5.22%, n = 
2) than that at the 3 other stations, 

which w ere relatively similar in their average 815N val­
ues (average 815N = + 7.46%0 at G3; + 7.92%0 at K2; and 
+ 8.42%o at G6). Due to the small amount of concurrent 
data from different stations, we w ere unable to detect 
any statistically significant spatial differences in 815N.

DISCUSSION 

Sources of organic matter in SPOM

Because of the high turbidity in the study area, 
aquatic m acrophytes and seagrasses are virtually ab ­
sent (Dehairs et al. 2000). The 3 main local primary 
producers to be considered are thus m angroves, phyto­
plankton, and benthic microalgae, of which the latter 
2 are generally quantitatively much less im portant in 
turbid estuarine mangrove ecosystems (Roberston et al. 
1992). In addition, some terrestrial detritus from out­
side the area, carried by the Gautam i Godavari and

Table 3. Average (±1 SD), minimum and maximum ô13C and ô15N (%o) of Zooplankton (ZP), collected at different locations in the 
G autam i Godavari estuarine region. Some of the Zooplankton ô13C data w ere taken  from Dehairs et al. (2000). Abbreviations of

sam pling locations as in Fig. 1

Kakinada Bay 
(K2)

Coringa
(Ci)

G aderu
(C3)

Gautam i Godavari
(G6)

ô13CZP -21.02 ±3.21 (n = 19) -25.85 ± 2.99 (n = 9) -24.25 ± 2.28 (n = 14) -22.03 ± 2.40 (n = 13)
Min. -28.19 -30.13 -26.92 -27.63
Max. -16.45 -20.62 -19.10 -18.85

ô15NZp + 7.92 ± 1.42 (n = 12) + 4.99 + 0.33 (n = 2) + 7.46 + 0.86 (n = 4) + 8.42 ± 1.17 (n = 4)
Min. + 5.75 + 4.76 + 6.54 + 7.46
Max. + 10.45 + 5.22 + 8.31 + 10.02
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entering Coringa and Gaderu, can be expected to con­
tribute to the suspended organic m atter load. Leaves 
of 7 out of 19 m angrove species occurring in the area 
showed an average 513C signal of -29.02 ± 1.11 %0

(Dehairs et al. 2000, S. Bouillon unpubl. data), which 
is consistent with literature data on these and other 
m angrove species (Rodelli et al. 1984, Zieman et al. 
1984, Stoner & Zimmerman 1988, Rezende et al. 1990, 
Hem m inga et al. 1994, Rao et al. 1994, Cifuentes et al. 
1996, Primavera 1996, M arguillier et al. 1997, France
1998), and which is a typical 513C-signature for te rres­
trial C3-plants. Factors reported to influence m angrove 
leaf 513C include their w ater-use efficiency, salinity, 
and am bient humidity (Farquhar et al. 1982, Lin & 
S ternberg 1992, Kao & Chang 1998). Loneragan et 
al. (1997) found no seasonal differences in m angrove 
leaf 513C. Several authors have found no significant 
changes in the 513C signal of m angrove leaves during 
decomposition (Zieman et al. 1984, Dehairs et al. 2000), 
so that we may assume that m angrove detritus ex­
ported into the w ater column also exhibits a carbon- 
isotope signal in the same range as the m easured 513C 
values for m angrove leaves. A lthough fresh m angrove 
leaves are reported to have C:N ratios ranging b e ­
tw een 20 and 78 (average around 50), this ratio 
increases 2- to 3-fold during senescence due to re ­
absorption of 60 to 70 % of the nitrogen by the plants 
(Rao et al. 1994, Jennerjahn  & Ittekot 1997). During 
subsequent decomposition and bacterial colonization, 
however, nitrogen enrichm ent occurs through nitrogen 
fixation (Woitchik et al. 1997) and immobilization, both 
on the forest floor (Twilley et al. 1992) and in the w ater 
column (Cifuentes et al. 1996). These processes result 
in much lower C:N ratios for m angrove detritus. 
According to Cifuentes et al. (1996), suspended m an­
grove detritus (defined as suspended m atter having a 
carbon-to-chlorophyll a ratio higher than 1000) has an 
average C:N ratio of 12.1, w hereas other investigators 
report C:N ratios of 24 to 51 after 45 d of decomposition 
for Excoecaria agallocha and Avicennia marina, re ­
spectively (Dehairs et al. 2000), and C:N ratios ap ­
proaching 24 after about 100 d decomposition for A. 
marina, A. corniculatum  and Kandelia candel (Tam 
et al. 1990).

Because of the practical difficulties in obtaining phy­
toplankton samples free from terrestrial detritus, no 
513C data specifically for phytoplankton are available. 
It is generally accepted, however, that m arine phyto­
plankton from tropical regions shows a 513C signal 
betw een -18  and -22  %0 (Fontugne & Duplessy 1981, 
Goericke & Fry 1994), w hereas estuarine and freshw a­
ter phytoplankton may be more depleted in 13C due to 
the uptake of isotopically light DIC resulting from 
the bacterial respiration of terrestrial organic m atter 
(Mook & Tan 1991, Hellings et al. 1999). Phytoplank­
ton C:N ratios are reported to range typically from 
6.6 to 8.7 (Redfield et al. 1963, Holligan et al. 1984).

Due to light limitation and inhibition by soluble 
tannins, benthic microalgal production in m angrove
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forests is usually very low (Alongi 1994 and references 
therein). In the following discussion, only phytoplank­
ton and terrestrial (including mangrove) detritus will 
be considered as major components of SPOM.

In Kakinada Bay, suspended m atter from Stns K2, K3, 
and K4 was significantly enriched in 13C relative to all 
m angrove w aterw ay stations (paired f-test), but values 
w ere generally more depleted than those reported 
for typical tropical m arine phytoplankton. Several C:N 
ratios for suspended m atter at these stations w ere re la ­
tively high (i.e. betw een 9 and 17.3) com pared to typi­
cal phytoplankton C:N ratios (6.6), which leads to the 
conclusion that a certain am ount of terrestrial detritus 
is present at these locations. In view  of the relative 
proximity to the m angrove w aterw ays (e.g. about 4 km 
from K4 to the Coringa mouth: Fig. 1), it may be as­
sum ed that m angrove detritus constitutes at least a 
part of this terrestrial matter, suspended m atter S13C 
values at these stations also exhibited a fairly wide 
range (-21.71 to -25.75%o at K2, -19 .18  to -26.30%o at 
K3, and -20 .68  to -26 .43  %o at K4). This variability may 
have been  caused simply by a variable contribution 
of terrestrial m aterial to the local phytoplankton, but 
some samples which, judging from their low C:N ratios 
(<7) w ere dom inated by phytoplankton, had S13C val­
ues ranging betw een -21 .57  and -26.30%o, indicating 
that phytoplankton at these stations may also exhibit 
variations in its S13C signal, e.g. due to the uptake of 
isotopically-light DIC (e.g. Hellings et al. 1999), vari­
ability in growth rate (e.g. Fry & W ainright 1991, Burk- 
hard t et al. 1999), or variability in am bient dissolved 
C 0 2 concentrations (Hinga et al. 1994, Burkhardt et 
al. 1999). suspended m atter S13C values from all Kaki­
nada Bay stations showed only a minor seasonal p a t­
tern, although it is clear that all stations usually fol­
lowed the same trend. Remarkably, the northernm ost 
station (K4), w hich is located in the opening of the bay 
into the Bay of Bengal, exhibited the most depleted 
average 8 13C SPOm  value, indicating a larger terrestrial 
influence than the central bay stations. It is unclear, 
however, w hether this is the result of circulation p a t­
terns in the bay (Sreenivas 1998), which could direct 
the w ater flowing out of the m angrove w aterw ays 
along a clockwise route to the bay opening (K4), or 
because of a more direct influence by the Kakinada 
Canal (see Fig. 1), which opens into the w estern  side of 
the bay on the south end of Kakinada town and carries 
substantial amounts of domestic waste. Satellite data 
show that the outflow of the Kakinada Canal is 
directed towards the bay opening, supporting the la t­
ter hypothesis. E ither way, it seems that terrestrial 
detritus, presum ably including m angrove-derived 
material, comprises a variable and detectable fraction 
of suspended m atter in Kakinada Bay, several kilom e­
tres from the outlets of the m angrove creeks.

At all 3 Coringa stations, suspended m atter had an 
average S13C of -25 .5  %o, which was the lowest average 
value encountered in this study. Of all the sites consid­
ered, Coringa is clearly least influenced by the saline 
bay water, so the 8 13C SPOm  values at these stations 
(especially at C3 which had  an average salinity of 4.15: 
Table 1) can be considered to be representative of the 
freshw ater end-m em bers of suspended m atter 813C.

In G aderu, suspended m atter exhibited the lowest 
average 813C at the central G3 station, and it becam e 
more enriched in 13C towards both its m arine ends 
(Table 1, Fig. 2). This gradient may be caused by 
a combination of 2 factors, i.e. a lesser adm ixture of 
m arine phytoplankton with terrestrial m aterial from 
the outer stations towards G3, or a depletion in 13C in 
local phytoplankton in the central G aderu station com­
p ared  to the other stations. Contrary to the expectation 
that C:N ratios would have been  largest at G3 and 
lower towards the open w ater because of a possibly 
elevated contribution of m angrove detritus to suspen­
ded matter, the reverse pattern was observed (Table 1), 
suggesting that the observed trend  in 8 13C SPOm  was n °t 
due solely to a larger contribution of terrestrial m ater­
ial. In addition, phytoplankton counts and chlorophyll 
m easurem ents indicated that in G aderu, phytoplank­
ton was most abundant at G3 and dim inished towards 
G 4 and G5 (Rohini 1997). Thus, in G aderu, a larger con­
tribution of phytoplankton to suspended m atter (at G3) 
w as accom panied by more depleted 8 13C SPOm  values, 
suggesting that, on average, phytoplankton here may 
have been  more 13C -depleted than the nearby bay 
phytoplankton.

If we consider 8 13C SPOm  data from all locations, it is 
clear that the stable carbon-isotope composition of sus­
pended  m atter w as very variable, and that seasonal 
variability was more pronounced than  average spatial 
differences. Based on the w ide range of C:N ratios 
encountered (3.9 to 42.4), part of this variation may 
have been  caused by a variable contribution of te rres­
trial and autochthonous m aterial to the total suspended 
organic m atter load. However, the w ide range of 813C 
values (e.g. -21.57%o at K4 to -29.48%o at G3) in sam ­
ples w ith low C:N ratios (C:N <7, suggesting a sub­
stantial phytoplankton contribution) suggests that there 
was some spatial and temporal variation in phytoplank­
ton 813C, w hich was supressed or m asked in samples 
w here the terrestrial contribution was high. Especially 
for the m angrove creeks, w e expect local phytoplank­
ton to have been  relatively depleted in 13C, due to the 
up take of isotopically light DIC, w hich results from the 
degradation of the large amounts of m angrove litter. 
In fact, a few prelim inary 8 13C d ic  results from Corin­
ga surface-w ater samples collected in February 1999 
showed significant 13C-depletion of the DIC pool, with 
813C values betw een -10.5%o at C3 and -10.0%o at C4.
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Furtherm ore, 2 relatively pure (visually assessed) phy­
toplankton samples (10 «  50 pm) collected in Coringa 
at the same time as the samples assessed for 8 13C d ic  

showed a S13C of -28.91 % (at C3) and -26 .87%  (at Cj), 
respectively, i.e. they w ere depleted in 13C relative 
to the average 8 13C SPOm  at these sites, and fell within 
the same range as 813C values reported for m angrove 
leaves.

813C values of SPOM collected during a 2 4  h period 
at G3 in November 1 9 9 5  showed substantial variations 
w ith the stage of the tide, w ith suspended m atter being 
most depleted ( - 2 8 . 3 0 %o) during low tide, and most 
enriched ( - 2 6 . 5 1  %o)  at high tide (Fig. 5). Similar obser­
vations in tidal m angrove ecosystems w ere m ade by 
Rezende et al. ( 1 9 9 0 ) ,  and tidal variations in 8 13C SPOm  

of an even greater m agnitude (about 5%o) w ere ob­
served by Cifuentes et al. (1 9 9 6 ) ,  even though the 
salinity fluctuations they encountered (A sal. = 1.7)  

w ere much smaller than those recorded in our study 
(A sal. = 7 .5 ) .  8 13C SPOm  values w ere well correlated with 
salinity (R2 = 0 .6 2 ;  p = 0 .0 1 2 )  but not with C:N ratios 
(R2 = 0 .1 4 ) .  These suspended m atter C:N ratios are 
w ithin the same range as most other data reported 
from other m angrove ecosystems (e.g. Cifuentes et al.
1 9 9 6 ) .

Zooplankton 813C and its relation to SPOM 813C

Very little information exists on the trophic pathways 
associated w ith Zooplankton in m angrove ecosystems, 
but Grindley (1984) suggested that the abundant p ar­
ticulate organic m atter (i.e. detritus) in m angrove estu­
aries constitutes the major food source for Zooplankton 
in these ecosystems, and similar conclusions have been 
m ade in tem perate estuaries (e.g. Hummel et al. 1988). 
Camillieri & Ribi (1986) showed experim entally that 
several species of small crustaceans are able to survive 
w hen offered flakes formed from DOC (dissolved or­
ganic carbon) leached from Rhizophora spp. leaves. 
The species they investigated included some harpacti- 
coid copepods and am phipods (i.e. benthic organisms), 
but no calanoid copepods, w hich usually form the bulk 
of the pelagic Zooplankton in the study area (Chandra 
M ohan et al. 1997). Moreover, the fact that these organ­
isms are able to survive on this food source does not im ­
ply that they would utilise it under natural conditions, 
w hen more nutritious algal m aterial is also present.

Careful comparison of the Zooplankton and suspen­
ded m atter 813C data revealed several patterns which 
suggest that Zooplankton w ere not feeding indiscrimi­
nately on bulk suspended matter, but selected compo­
nents of the SPOM, presum ably phytoplankton, that 
had  a more pronounced spatial and seasonal variabil­
ity in 813C than SPOM.

Firstly, the overall range of 813C values for Zooplank­
ton (813CZP) collected at the 4 selected stations (-30.13 
to -16.45 %o) was m uch larger than the range of 
8 13C SPOm  values from those locations (-29.48 to 
—21.71 %o; Tables 1 & 3). If Zooplankton w ere feeding 
indiscriminately on SPOM (and assum ing a constant 
813C shift), the seasonal fluctuations of their 813C val­
ues would have been of the same m agnitude as those 
observed in SPOM. If, however, they w ere feeding 
selectively on either terrestrial detritus (which should 
have a fairly constant 813C) or phytoplankton (which 
may have a more variable 813C), the fluctuations of 
their 813C signal should have been either smaller or 
larger than those of SPOM, respectively.

Secondly, the average Zooplankton 813C of the 4 sam p­
ling locations followed the same trend  in 13C-depletion 
as did the suspended m atter from these stations (i.e. 
K2 > G6 > G3 > C}), but the 813C gradient was more p ro ­
nounced in the Zooplankton (Fig. 6), causing Zooplank­
ton to be on average enriched in 13C relative to the sus­
pended  m atter at K2 (by 1.80% o w hen using only data 
from months when both param eters w ere m easured), at 
Ge (by 2 . 9 2  %o) and at G3 (by 0 .0 7  %o), but depleted at Ct 
(by 0 . 1 0  %o). If we assume a constant and small fraction­
ation in 13C betw een Zooplankton and their diet (l%o; 

DeNiro & Epstein 1 9 7 8 ) ,  this would suggest that at K2 
and Ge, Zooplankton w ere feeding on a fraction en ­
riched in 13C relative to the total suspended matter, but 
on a fraction that was 13C -depleted relative to SPOM at 
G3 and C}. Del Giorgio & France ( 1 9 9 6 )  found from a 
compilation of literature data that there is a trend  in the 
m ean difference betw een 813CZP and 8 13C SPOm  going 
from the open ocean (+2 .7% o) ,  coastal (+1 .8% o) and 
estuarine (+ 0 .8% o)  ecosystems, to freshw ater lakes, 
w here Zooplankton is depleted relative to SPOM by an 
average of 2 . 7 %o. The most likely explanation for this 
trend  is that Zooplankton feeds selectively on phyto­
plankton which, in freshw ater and sometimes in estuar­
ine systems, is isotopically lighter than the total sus­
pended  m atter (del Giorgio & France 1 9 9 6 ) .

A third argum ent for selectivity in Zooplankton feed­
ing comes from a comparison of the average difference 
in 8 13C SPOm  and the average difference in 813CZP b e ­
tw een different stations, as shown in Fig. 8. Although 
the spatial differences in 8 13C SPOm  are often significant 
(paired f-test), they are relatively small (0.3 to 2.1 %o) 

com pared to the difference in the Zooplankton 813C 
signal betw een these locations (1.4 to 6.0%o). If Zoo­
plankton would have been feeding indiscriminately on 
SPOM, these betw een-site differences would be ex­
pected to be of equal m agnitude for both SPOM and 
Zooplankton.

Although these data do not allow us to quantitatively 
determ ine the exact contribution of phytoplankton or 
terrestrial carbon to Zooplankton nutrition, our results
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Fig. 8. Average difference in Zooplankton ö13C (black bars) 
and average difference in SPOM ö13C (white bars) for different 

pairs of locations. Error bars = +1 SD

clearly indicate that phytoplankton constitutes a more 
im portant carbon source for Zooplankton, despite the 
high inputs of terrestrial (mangrove) carbon in the 
aquatic system.

Possible mechanisms influencing spatio-temporal 
variations in SPOM and Zooplankton 813C

The selective feeding of Zooplankton on phyto­
plankton (discussed above) implies that the 813CZP 
will provide us with a better param eter than 8 13C SPo m  

for elucidating possible m echanisms influencing the 
stable carbon-isotope signal of the phytoplankton in 
the study area. Some im portant factors influencing 
the 513C of phytoplankton have been found to include 
the 513C of the DIC pool and the phytoplankton 
growth rate (e.g. Fry & W ainright 1991, Hellings et al.
1999). To our knowledge, no studies have previously 
attem pted to analyse the seasonal variability of phy­
toplankton 813C in tropical, monsoon-influenced estu­
aries.

As for the spatial variability, there is a clear trend 
towards higher 513C values for Zooplankton (and, to a 
lesser degree for SPOM) with increasing salinity, i.e. 
from more depleted 513C values in the most freshw ater 
parts (Coringa), and a gradual increase towards more 
estuarine (G3, G6) and near-m arine (K2) locations. As 
to the m agnitude of this longitudinal 513C gradient, it 
should be noted that, in view of the relatively small 
area considered, there was a rem arkably high average 
difference in 813CZP betw een the m outh of Coringa (Ci) 
and central Kakinada Bay (K2) of about 6%o (Table 3, 
Fig. 8). The phytoplankton 513C difference betw een 
these stations m ight have been even larger, as we have 
no indication concerning the precise degree of selec­
tivity in Zooplankton feeding. This longitudinal gradi­

ent may be determ ined principally by an accom pany­
ing gradient in 513Cdic, which m ight have been more 
negative in the m angrove sites due to the microbial 
respiration of the higher amounts of terrestrial POC 
available; but apart from an indication by the few 
ô13Cdic m easurem ents m ade in Coringa (see above), 
we have no conclusive evidence for this so far. Bearing 
in mind possible effects of tidal am plitude and year-to- 
year variations in the climatic pattern  on the stable 
carbon-isotope composition of SPOM, the following 
trends seem to be a general feature in the 513CZP sig­
nal (Fig. 7): (1) During the pre-m onsoon period (i.e. 
M arch-A pril to M ay-June), w hen salinity is high in 
the entire area and the suspended organic m atter load 
is minimal (Dehairs et al. 2000), Zooplankton is en ­
riched in 13C relative to its average 513C signal. The 
small amount of data from the first half of the monsoon 
period (July to August) seem  to suggest that the 513CZP 
rem ains high during this period (Fig. 7). (2) Minimal 
values of 513CZP are observed betw een the middle of 
the monsoon period and the middle of the dry season 
(i.e. betw een Septem ber and February).

The pre-m onsoon period, during which most 13C- 
enriched Zooplankton w ere observed (especially in 
Kakinada Bay) coincided with a period of increased 
phytoplankton abundance, presum ably induced by the 
lower turbidity during this period (Rohini 1997). 13C- 
enrichm ent in SPOM or phytoplankton during periods 
of higher phytoplankton biomass or higher chlorophyll 
concentrations has been observed in several studies 
(e.g. Fry & W ainright 1991, O gawa & Ogura 1997, 
Burkhardt et al. 1999), although there rem ains some 
discussion on the precise m echanisms causing this 
enrichment. It rem ains to be determ ined to w hat effect 
the high 513CZP values encountered during pre-m on­
soon period are a reflection of increased phytoplank­
ton growth rate, or a less negative 813Cdic caused by 
the lesser dilution of the DIC pool by 13C -depleted 
respired C 0 2.

Minimum 513C values w ere encountered betw een 
the second half of the monsoon period and the first half 
of the dry period (i.e. betw een Septem ber and Febru­
ary). We had expected lowest 513C values to occur dur­
ing the monsoon period (July to September), w hen the 
large amounts of terrestrial detritus released (Gupta et 
al. 1997) m ight have lowered the 813Cdic signal b e ­
cause of increased microbial activity. Our data seem to 
suggest that the 13C-depletion of the DIC pool does not 
occur until some time after the initiation of the m on­
soon, and that this depletion may persist for several 
months after the freshw ater inflow has almost ceased. 
The few m easurem ents of 813Cdic and 513C of size-frac­
tionated phytoplankton m ade in Coringa, which in­
dicated significant 13C-depletion, w ere carried out in 
February, thus providing further evidence that this
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period still experiences low S13C values. M ore recent 
data on Zooplankton isotope composition from this 
area also confirm this general pattern  (S. Bouillon 
unpubl. data). Correlating our carbon-isotope data 
w ith salinity, POC load (Dehairs & Rao 1997), or oxy­
gen concentrations (Sreenivas 1998) has not provided 
any clear relationships that m ight explain this dep le­
tion. One explanation m ight be that there is a certain 
time lag betw een the occurrence of high POC loads 
(i.e. w hen the monsoon period starts) and the build-up 
of a 13C -depleted DIC pool due to the microbial degra­
dation of this material. After the freshw ater inflow has 
again reached  minimal values, further degradation of 
the deposited terrestrial m aterial may explain the p er­
sistence of the low S13C values encountered. A closer 
monitoring of 813C SPOm , 813C zp, and especially 813C dic 
and phytoplankton growth rate should provide clearer 
insights into this.

Zooplankton 815N variability

Zooplankton 815N values exhibited m uch less sea­
sonal variation com pared to the 813CZP variations 
(Table 3). Due to the small am ount of 815N data, it is dif­
ficult to detect any clear seasonal trend  in Zooplankton 
815N. Based on these few data however, it seems that 
Coringa Zooplankton had  lower 815N values (+ 4.76 
and + 5.22 %>, n = 2) than did Zooplankton at the 3 other 
stations, w hich showed relatively similar average 815N 
values (average 815N = + 7.46%o at G3; + 7 .92%o at K2; 
and + 8 .42%o at G6). Because of the small am ount of 
concurrent data from different stations, we w ere 
unable to detect any statistically significant spatial dif­
ferences in 815N, but it does appear that the estuarine 
and near-m arine stations (G6 and K2) w ere more en ­
riched in 15N than G aderu and, especially, Coringa. It 
is well known that m arine invertebrates, including 
Zooplankton, are usually more 15N-enriched than fresh­
w ater invertebrates (e.g. France 1994), and this has 
been  ascribed to the 15N -enriched inorganic N-pool 
that occurs under lower N-concentrations through the 
selective uptake of 14N by phytoplankton (e.g. Altabet 
& Francois 1994). In this study area, average nitrate 
concentrations in the northern Kakinada Bay (4.9 to 
6.5 pmol F 1: M urthy 1997) w ere indeed lower than 
those found in G aderu (6.6 to 15.0 pmol F 1) or Coringa 
(12.6 ot 16.4 pmol F 1). The Gautam i Godavari station 
(G6), however, had  both a high average nitrate concen­
tration (15.3 pmol F 1) and a high 815N (+8.42%o). On 
the other hand, anthropogenic inputs of N (via w aste­
water) can significantly increase the 815N in aquatic 
ecosystems (e.g. M cClelland & Valiela 1998 and re ­
ferences therein), and in our case large amounts of 
domestic w astew ater enter the Kakinada Bay via the

Kakinada Canal (Fig. 1). Preliminary results from ben- 
thic invertebrates and fishes also show a clear enrich­
m ent in 15N betw een the m angrove areas and Kaki­
nada Bay of about 2%o (S. Bouillon unpubl. data), but 
further studies are needed  to determ ine the factors 
responsible for this enrichm ent in 15N.
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