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Abstract:  
Nitrification, fuelled by ammonium is the pivotal oxidative pathway to nitrogen 
cycling. In spite of its ecological significance, the factors regulating nitrification 
rates in the benthic realm remain poorly understood. The present study therefore 
examines some of the factors like ammonium, nitrite, nitrate, organic carbon, iron 
and manganese on down-core variability in benthic nitrification rates in two 
different mangrove ecosystems, one under the influence of ferromanganese ore 
mining (experiment) and the other relatively undisturbed (control). We 
hypothesize that besides organic carbon, iron could also influence the rate of 
nitrification. The study also contrasts the distributive pattern of autotrophic and 
heterotrophic nitrifiers in the two regions. The concentration of iron at the control 
site ranged from 1.1 to 15.1% while at the experimental site it ranged from 2.9-
46%. The levels of organic carbon at control and experimental site ranged from 
0.02-6.9 and 0.1-6.5% respectively. The nitrification rates at the control and 
experimental sites are comparable and ranged from 3.2±1.2 to 18.4±1.9 and 
2.7±1.5 to 18.2±0.6 ng at-N g (sediment)-1h-1 respectively. While the abundance 
of heterotrophic nitrifiers at both the sites ranged from 102-3 cells g-1 sediment, 
the autotrophic nitrifiers at the experimental site was higher by an order at ~103 
cells g-1 sediment reflecting the relatively higher refractile nature of organic 
carbon at the experimental site (Straus and Lamberti,2000). Though organic 
carbon and nitrification rates are similar in both the sites, the underlying 
mechanisms governing the processes could be different. Our studies suggest 
that at the control site, heterotrophic nitrifiers govern nitrification rates (r=0.28, 
p<0.05, n=64) using organic carbon (r=0.32, p<0.01, n=64). At the experimental 
site, nitrification was governed more by autotrophic nitrifiers (r=0.43, p<0.001, 
n=64) at the expense of iron (r=0.47, p<0.001, n=64). Therefore at the 
experimental site with higher load of iron, autotrophic nitrification could be more 
important. It is therefore inferred that both the quality of organic carbon and 
quantity of iron govern nitrification rates in these mangrove swamps.  
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1. Introduction: 
 
Nitrification is a microbial process that converts ammonium (NH4

+) to nitrate 

(NO3
-) via nitrite (NO2

-) and occupies a central position within the global nitrogen 

cycle. Hence, the factors regulating this process are vital to eutrophication as 

well as to health concerns related to enhanced nitrate levels in aquatic 

ecosystems. Nitrification also serves as a significant link between nitrogen 

mineralization and potential nitrogen loss from the benthic system through 

denitrification (Seitzinger, 1990 and Sloth et al., 1992). Nitrification was 

traditionally considered to be restricted to aerobic environments (e.g. Froelich et 

al., 1979), but studies (Mortimer et al., 2004) have shown that nitrification does 

happen in anoxic environments at the expense of elements like manganese (Mn) 

and/or iron (Fe). In a recent study, Krishnan et al. (2007) had suggested the 

possibility of anaerobic nitrification in mangroves as a mechanism to ward off the 

excess manganese entering the sediments as a result of pollution. Nitrification 

also depends on NH4
+ regeneration rates, which in turn is positively influenced by 

temperature (Nixon, 1981). The presence of organic carbon (OC) compounds 

may diminish the rate and the yield of nitrate formed, by diverting nitrogen from 

the nitrifiers to the heterotrophs proliferating at the expense of easily assimilable 

carbon (Delwiche and Finstein, 1965). However, this depends mainly on the 

magnitude of C:N ratio and the quality of organic compound (Straus and 

Lamberti, 2000). Straus and Lamberti (2000) have hypothesized that high C:N 

and higher levels of labile organic carbon does inhibit nitrification, whereas low 

C:N and higher levels of refractory organic carbon enhance nitrification rates. 

Moreover, though mangroves are considered to be productive coastal marine 

ecosystems (Qasim and Wafar, 1990), nutrient measurements, especially those 

of nitrogen which is an important factor sustaining this productivity has been 

sparse (Dham et al., 2002).Hence, in order to understand some of the important 

factors regulating nitrification rates (Nrate) two different mangrove sites with 

different ecological setup were studied (south-west coast of India, Figure 1). We 
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hypothesize that besides organic carbon, iron could also influence the rate of 

nitrification. 
 
2. Materials and methods: 
 

2.1. Site description and sampling procedure 

Sediment cores were collected from mangrove swamps along the Chapora and 

Mandovi estuaries. The control site (15° 38.28’ N and 73° 47.71’ E) which is 

relatively free from metal pollution is located at Tuvem in the Chapora estuary, 

while the experimental site which is under the influence of ferromanganese ore 

mining and is exposed to enrichment of metal ores of Fe and Mn is located at 

Diwar (15° 30.42’ N and 73° 52.28’ E) in the Mandovi estuary (Figure1). Monthly 

sampling was carried out at both the control and experimental sites from April 

2005 to April 2006 using a PVC hand-held sediment corer. Sediment core was 

sectioned at 2 cm intervals in sterile conditions to obtain representative samples 

at 0–2, 2–4, 4–6, 6–8 and 8–10 cm depths.   

 

2.2. Pore water extraction and chemical analyses 

After sectioning the cores, each fraction was made into slurry with a known 

volume of saline and then loaded separately into centrifuge tubes. The tubes 

were spun at low R.P.M (5000) at 4 oC for 10 minutes. The water  was  then 

carefully siphoned out into a pre-cleaned 100ml polyethylene bottle and allowed 

to stand for 15 minutes in cold conditions in order to sediment out the coarse 

particles. Further, the diluted pore water was filtered on GF/F and then 

subsequently on 0.22 μ membrane filter. The filtrate was stored in cold for further 

analysis. By spinning at low temperature and RPM it was ensured that minimal 

disturbance was caused to the benthic organisms, which on lysis could change 

the pore water chemistry. NH4
+, NO2

- and NO3
- were measured 

spectrophotometrically as described by Koroleff (1969), Bendschneider & 

Robinson (1952); and Wood et al. (1967) respectively. OC was determined by 

the wet oxidation method with a precision of 0.01% (El Wakeel and Riley, 1957). 

Sub samples for metal analyses were dried at 60(±2)oC for 48 h and 
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disaggregated in an agate mortar before chemical treatment for Fe and Mn 

analysis. The detailed procedure of sediment digestion is given in Balaram et al. 

(1995). Trace metal concentrations (Fe and Mn) were measured using a flame 

atomic absorption spectrophotometer (AAS, Perkin Elmer Model 5000). The 

accuracy of the analytical procedures was assessed using the certified reference 

material MAG-1 (USGS) that yielded results within the reference value range 

(Flanagan, 1967, 1976).  

 

2.3. Measurement of nitrification rates 

Nrate was measured by the method of Schell (1978). Each intact section was 

transferred to a beaker (500 ml capacity), to which filtered estuarine water was 

added. Samples were then incubated with 15N-NH4Cl (10% of the ambient) in the 

dark for 24 hours. At the end of the incubation period, samples were gently mixed 

and pre-screened through a 200 μm mesh net. Samples were then filtered onto 

Whatman GF/F filter pads (pre-ignited at 4000C for 4 hours) and 200ml of the 

filtrate was recovered for the extraction of nitrite. NO2
- in the sample was 

extracted as a dye (1-benzene-azo-2-napthol) by using an organic solvent. 
15N:14N isotope ratios of the NO2

- extracted from the incubation medium were 

measured by emission spectrometry using a Jasco N-150 Nitrogen analyzer. Nrate 

was calculated according to Lipschultz (1984). All measurements were done in 

triplicate. 
 

2.4. Microbial analyses 

Sub samples of approximately 5 g wet weight sediment were sampled using 

sterile syringe cores. The sub samples were transferred to 45 ml full strength 

sterile seawater (10-1 dilution). Tween80 (50 μL) was added and the mixture was 

sonicated at 40 mHz for 10 s. Serial dilutions of the sediment samples were 

made in autoclaved seawater to yield dilutions from 10-1 to 10-6/-7. Nitrifiers were 

enumerated by the most probable number (MPN) method of Alexander and Clark 

(1965) on both inorganic and organic media. Winogradsky’s inorganic nitrifying 

media (seawater amended with NH4Cl of 2 mM final concentration) was 
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distributed in 5 ml quantities in 15 ml screw capped tubes. The organic nitrifying 

media was prepared by adding 0.01% final concentration of glucose to 

Winogradsky’s inorganic nitrifying media. From each dilution ranging from 10-1 to 

10-6/-7, 500 μl was inoculated in triplicate in the nitrifying media until the 

inoculation from the highest dilution into the culture tubes yielded negative 

results. The culture tubes were incubated in the dark for a period ~60 days at 

28(±1)oC. After incubation, the tubes were tested for the presence of NO2
- and/or 

NO3
- . The combinations of positive and negative tubes were scored and MPN 

was assessed from McCready’s table (Rodina, 1972). 

Statistical analysis was carried out using Pearson’s Correlation Coefficient 

and Analysis of Variance in order to explore the possible associations and 

variances existing between/within different variables. The analysis was done 

using Microsoft Excel 2000. The bacterial parameters were normalized by log 

transformation before analyses. 

 
3. Results: 
 

3.1. Pore water chemistry 

Monthly down-core variation in NH4
+, NO2

- and NO3
- at both the control and 

experimental sites have been illustrated in the figures 2 a, b and c respectively. 

Depth compromised pre-monsoon (February-April) average of NH4
+ at the control 

site was 19.1±4  μg at NH4
+-NL-1 pore water (n=25). Similar values were 

encountered at the experimental site with NH4
+ averaging 19.9±2.4  μg at NH4

+-

NL-1 pore water (n=25). However, the monsoon season (June-September) was 

characterized by lower levels of NH4
+ at both the control (16.8±3.6 μg at NH4

+-

NL-1 pore water; n=20) and experimental sites (14.1±2.1 μg at NH4
+-NL-1 pore 

water; n=20). Interestingly, the post-monsoon (October-January) values at the 

control site showed an increase in NH4
+ accumulation (17.9±7.9 μg at NH4

+-NL-1 

pore water; n=20) as compared to the monsoon, but they still remained lesser 

than the pre-monsoon values. NH4
+ accumulation at the experimental site was 

highest (27.8±5.6 μg at NH4
+-NL-1 pore water; n=20) during post-monsoon 

season as compared to monsoon and pre-monsoon seasons. NH4
+ showed 
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significant monthly variability at the experimental site (p < 0.001, df = 12), while 

there was no significant variability at the control site. Similar trend was observed 

inter-seasonally with no variability at the control site but with a significant 

variation at the experimental site (p= 1.5x10-6, df = 2). When compared, the 

control and experiment site differed only in the post-monsoon season (p < 0.001, 

df = 1) and this could be attributed to the variability observed at 0-2 cm (p < 

0.001, df = 1). 

Average pre-monsoon NO2
- concentration at control and experimental 

sites were 2.4±0.8 and 2.1±0.1 μg at NO2
--NL-1 pore water (n=25) respectively. 

During monsoon season, NO2
- values at control (2.3±0.5 μg at NO2

--NL-1 pore 

water; n=20) and experimental sites (2.7±0.6 μg at NO2
--NL-1 pore water; n=20) 

were comparable to their pre-monsoon counterparts. The post-monsoon nitrite 

levels at the control site (2.3±0.6 μg at NO2
--NL-1 pore water; n=20) showed a 

similar trend as that of the other seasons, but experimental site recorded the 

lowest values (1.8±0.5 μg at NO2
--NL-1 pore water; n=20) during the post-

monsoon season. NO2
- showed a significant monthly variability at the 

experimental site (p <0.1, df = 12) where as the control site was marked by 

significant down-core variability (p <0.01, df = 12). Maximum down-core variation 

was observed during the pre-monsoon season (p <0.01, df = 4). Even though the 

inter seasonal variability occurred neither at the experimental nor at the control 

site, the bottom most layer of the core (8-10cm) showed significant variation in 

NO2
- both at the control and experimental sites.  

 Levels of NO3
- at the control site were 9.3±2.9 μg at NO3

--NL-1 pore water 

(n=25) during the pre-monsoon season, while, the monsoon values were lower 

(6.1±1.2 μg at NO3
--NL-1 pore water; n=20). In contrast, highest NO3

- values at 

the experimental site (13.2±2.0 μg at NO3
--NL-1 pore water; n=20) were recorded 

during the monsoons. The pre and post-monsoon values were 8.6±1 μg at NO3
--

NL-1 pore water; n=25 and 8±2.1 μg at NO3
--NL-1 pore water; n=20 respectively. 

However highest levels were recorded at the control site (11.5±1.3 μg at NO3
--

NL-1 pore water; n=20) during the post-monsoon season. NO3
- showed significant 
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monthly variability at both the control (p= 2.9x10-5, df = 12) and the experimental 

site (p= 4.4x10-3, df = 12). Contrary to the pattern of inter-seasonal stability in 

NO2
-, NO3

- values were significantly variable at both the control (p <0.1, df = 2) 

and experimental sites (p <0.01, df = 2). There exists considerable variability at 

both the control and experimental sites during the monsoon and post-monsoon 

seasons (p <0.1, df = 1).  

 

3.2. Iron, manganese and organic carbon 

Monthly down-core variation in Fe, Mn and OC at both the control and 

experimental sites have been illustrated in the figures 3 a, b and c respectively. 

Depth compromised average values of Fe at the control site ranged from 6-7.4% 

for the entire sampling period. There was no inter-seasonal variability at the 

control site but there was considerable down-core variation (p <0.1, df = 4) 

irrespective of the month. In contrast, high inter-seasonal variability was 

observed at the experimental site (p<0.001, df = 2), with pre-monsoon showing 

the highest accumulation of Fe (24±3.2%) followed by post-monsoon 

(18.7±3.6%) and monsoon (10.2±1.9%) seasons respectively. Maximum disparity 

between the control and experimental sites was observed during the pre-

monsoon season (p<0.001, df = 2) while the lowest was during the monsoon 

(p<0.01, df = 2). The post-monsoon values depicted a transitional stage with 

considerable variability (p<0.001, df = 2).  

 Even though there was significant monthly variability in the accumulation 

of Mn at both the control (p<0.01, df = 12) and experimental site (p<0.01, df = 

12), there was no significant inter seasonal variability at both the sites. In general 

the Mn levels remained ~0.5% at the control site throughout the sampling period, 

whereas at the experimental site it ranged from 1.1(±0.6)% in the post-monsoon 

to 1.7(±0.6)% in the monsoon season with intermediate values of 1.4 (±0.2%) in 

the pre-monsoon season. Notable difference between the control and 

experimental site was observed in the monsoon season (p<0.001, df = 1). The 

degree of similarity appears to increase as it progresses to post-monsoon 
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season (p<0.01= 3.4x10-2, df = 1) and further decreases in the pre-monsoon 

season (p<0.0001, df = 1). 

 A study of the OC at the control and experimental sites, revealed lowest 

values of 1.2 (±0.1) and 1.9 (±0.3) % respectively during the monsoon season.  

Both the sites showed differences in pre and post-monsoon OC accumulation. 

Highest accumulation at the control site was in the pre-monsoon season 

(3.1±0.8%) while at the experimental site it was in the post-monsoon season 

(3.4±1%). In contrast, intermediate values were observed at the control site 

during post-monsoon (2.9±1.3%) and experimental site during pre-monsoon  

(2.9±0.3). Though there was no monthly variability at the control and 

experimental sites there was considerable inter seasonal variability at both the 

sites (control, p<0.01, df = 2; experiment, p<0.1, df = 2). The control and 

experimental sites showed similar values during non monsoon seasons but 

different levels during the monsoon (p<0.1, df = 1). This variability could be 

attributed to that observed in the depth intervals 0-2 (p<0.1, df = 1) and 2-4 cm 

(p<0.1, df = 1). 

  

3.3. Nitrification rates 

Nrate (Figure 4 a) at the control site ranged from 3.2±1.2 in the monsoon to 6±1.1 

and 18.4±1.9 ng at-N g (sediment)-1h-1 in the post and pre-monsoon respectively. 

The trend was similar at the experimental site with pre-monsoon showing the 

highest rates (18.2±0.6), followed by post-monsoon (5.8±1.1) and monsoon 

(2.7±1.5) seasons. There was significant monthly and inter seasonal variation at 

both the control (p= 7.2x10-21, df = 12 and p= 9.3x10-26, df = 2) and experimental 

sites (p= 6.5x10-23, df = 12 and p= 6.3x10-28, df = 2). There was no down-core 

variability in Nrate for both the control and experimental sites.  

 

3.4. Autotrophic and heterotrophic nitrifiers 

The abundance of autotrophic (ANtb) and heterotrophic nitrifiers (HNtb) is 

illustrated in the figures 4b and c. The ANtb abundance at control site for all the 

seasons were ~106 cells per g dry weight of sediment, where as at the 
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experimental site highest abundance was encountered during the pre-monsoon 

season [2.1 (±1) x 107 cells per g dry weight of sediment] and the lowest 

abundance was during the monsoon season [3(±7) x105cells per g wet weight of 

sediment]. The post-monsoon recorded a marginal increase [7(±2) x 105 cells per 

g wet weight of sediment]. The seasonal average of HNtb showed that they were 

one to two orders higher than the ANtb. At the control site, highest abundance of 

HNtb was during the pre-monsoon season [3.0 (±1.0) x 108 cells per g wet weight 

of sediment], while the lowest was in the post-monsoon season [1.5 (±0.4) x 108 

cells per g wet weight of sediment]. The monsoon season recorded intermediate 

values [2.4 (±2.3) x 108 cells per g wet weight of sediment]. The abundance of 

HNtb at the experimental site was uniform (2.2-2.5 x 108 cells per g wet weight of 

the sediment) through out the monsoon cycle with highest in the pre-monsoon 

and lowest in the post-monsoon. There was no inter-monthly variation in the 

abundance of ANtb at the control site while there was significant variability at the 

experimental site (p= 1.31x10-6, df = 12). In contrast, the HNtb abundance showed 

significant monthly variability at both the control (p= 1.7x10-4, df = 12) and 

experimental sites (p= 1.5x10-3, df = 12). Neither ANtb nor HNtb showed any 

significant down-core variation at the control and experimental sites. There was 

considerable similarity between the control and experimental sites for all the 

depth intervals for both the ANtb and HNtb. A comparison of inter seasonal 

abundance revealed variability at the experimental site for ANtb (p= 4.2x10-3, df = 

2) where as the abundance was uniform at the control site. In contrast, the HNtb 

showed significant monthly variability at the control site (p= 1.4x10-3, df = 2), 

while their inter seasonal abundance at the experimental site was uniform. On 

comparing the control and experimental sites for the different seasons, the ANtb 

varied during both the pre (p= 4.6x10-3, df = 1) and monsoon (p= 4.8x10-2, df = 1) 

seasons while the post-monsoon season was comparable. Similar comparisons 

for HNtb yielded contrasting results. There was variability only in the post-

monsoon season (p= 3.6x10-2, df = 1) whereas the abundance was uniform for 

both the pre and monsoon seasons.  
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4. Discussion: 
4.1 Nitrification rates: process and controls 

Lack of seasonal monitoring especially in the benthic realm in mangroves has 

hampered our understanding on these productive coastal marine ecosystems 

which are vulnerable to human impacts. Most of the studies conducted in the 

mangrove forests report sporadic measurements, though some studies 

conducted in Australia (Boto and Wellington 1988; Trott and Alongi 1999), 

Pakistan (Harrison et al, 1997), Mexico (Rivera-Monroy et al 1995), and India 

(Krishnamurthy et al., 1975 and Dham et al., 2002), discuss seasonal cycles. 

Further, very few studies have attempted to investigate benthic nitrification and 

factors governing the same. Nitrifying bacteria and Nrate in general, may be 

regulated by many factors including NH4
+ (Triska et al., 1990; Jones et al., 1995), 

pH (Sarathchandra 1978), temperature (Paul and Clark 1989), oxygen 

concentration (Stenstrom and Poduska 1980; Triska et al., 1990), competition for 

NH4
+ (Verhagen and Laanbroek 1991), and OC availability (Verhagen and 

Laanbroek 1991). In the present study, multiple regression analysis was 

employed along with simple correlation analysis to elucidate the factors 

governing Nrate. The results of the multiple regression analysis are given in Table 

1. In general, Nrate was governed by the availability of OC (r=0.32, p<0.01, n=64) 

at the control site irrespective of season or depth of sampling.  This is further 

supported by a positive correlation of OC with HNtb (r=0.28, p<0.05, n=64). Depth 

wise correlation analysis gives additional insights into these relationships. Nrate at 

the top layer (0-2cm) of the core from the control site was governed by the 

abundance of HNtb (r=0.58, p<0.02, n=12); whereas at the bottom of the core (8-

10cm) it appears to be regulated by both the abundance of HNtb (r=0.46, 

p<0.1,n=12) as well as the OC (r=0.45, p<0.1,n=12). A positive correlation with 

NO2
- (r=0.48, p<0.1, n=12), probably indicates that the NH4

+ oxidation might be 

of a higher magnitude than NO2
- oxidation. In the pre-monsoon season Nrate 

increased depth (r=0.67, p<0.001, n=25) and was limited by the availability of 

NH4
+ (r=0.57, p<0.001, n=25). A scatter plot of OC:DIN vs Nitrification rate 

(Figure 5) represents three well defined clusters. The cluster representing the 
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pre-monsoon is well differentiated from the other two clusters. In the monsoon 

season, OC to DIN ratio is low (Figure 5).  This favors enhanced Nrate (Straus and 

Lamberti, 2002), Nrate is negatively linked to OC (r=-0.4, p<0.05, n=25) 

suggesting that the bulk fraction of the carbon is labile. In addition, there was no 

single set of factors governing Nrate during the monsoon season. However, the 

recalcitrant fraction of organic carbon is considered to favor enhanced nitrification 

rates by reducing the utilization pressure on ammonium between heterotrophs 

and nitrifiers (Straus and Lamberti, 2000). Though the OC:DIN ratio is high there 

is no relation between OC and Nrate for the pre and post-monsoon season 

indicating that OC is either unlimiting or dominated by the recalcitrant fraction 

(Figure 5). In general the system evolves from a 'Low OC:DIN – Low Nrate' 

system in the monsoon season to a  'High OC:DIN – High Nrate' system in the 

pre-monsoon season with the post-monsoon representing a transition period 

where the OC:DIN ratio gradually increased. Hence, our study indicates that the 

quality of OC could be a more important proxy to Nrate rather than OC:DIN ratio. 

In addition multiple regression analysis (Table 1) shows that NH4
+ is probably the 

only ion involved in the regulation of Nrate. Further, it could also be deduced that 

maximum fraction of recalcitrant carbon during the pre and post-monsoon 

season is accumulated at 4-6cm.  

Nrate at experimental site showed a positive relation with Fe (r=0.47, 

p<0.001, n=64) and ANtb (r=0.43, p<0.001, n=64) which is indicative of anaerobic 

autotrophic nitrification. Further, a negative relation with NO3
- (r=0.25, p<0.05, 

n=64) signifies feedback inhibition indicating that at the experimental site, Nrate is 

at the optimum. Hence it appears that the control site is dominated by 

heterotrophic nitrification whereas autotrophic nitrification governs the 

experimental site. In addition, OC (3.4±1%) and NH4
+(27.8±5.6 μg at NH4

+-NL-1) 

peak at the experimental site during the post-monsoon season while at the 

control site it was during the pre-monsoon season (OC;3.1±0.8% and 

NH4
+;27.8±4 μg at NH4

+-NL-1). However, the pre-monsoon of the experimental 

site was marked by highest levels of nitrification rates (18.2±0.6 ng at-N g 

(sediment)-1h-1) indicating a decoupling with OC and NH4
+. These parameters 
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remain coupled during the pre-monsoon season at the control site. Multiple 

regression analysis (Table 1) shows that NH4
+ (r=0.55, p<0.001, n=25) plays a 

limiting role in the pre-monsoon season even though the OC: DIN ratio is 

comparatively higher (Figure 5). Further, the production of nitrite appears to 

govern the nitrification rates during the monsoon season. Depth wise correlation 

analysis shows that the abundance of ANtb is the major factor governing the Nrate 

for most of the depth intervals sampled. Positive relations with ANtb at 0-2 (r=0.54, 

p<0.05, n=12), 2-4 (r=0.47, p<0.1, n=12), 6-8 (r=0.49, p<0.1,n=12) and 8-

10(r=0.68, p<0.01,n=12) cm is in accordance with the earlier observation. In 

addition, Fe appears to be the next critical factor regulating Nrate at the 

experimental site with maximum coupling observed at 4-6 (r=0.7, p<0.001, n=12) 

and 6-8 cm (r=0.6, p<0.01, n=12) intervals. The feed back inhibition of NO3
- is 

restricted to the bottom layer of 8-10cm depth indicating enhanced nitrification 

potential down the core till this depth?? 

 

4.2 Factors governing the abundance and distribution of nitrifiers 

Even though there are reports on the occurrence of heterotrophic nitrification 

(Verstraete and Alexander, 1972; Castignetti and Holocher, 1984, Barraclough 

and Puri, 1995; Gupta, 1997; Lu et al., 2008; Ahmad et al., 2008), most of the 

studies consider nitrification as a purely chemoautotrophic process. In the 

present study, we were able observe the production of NO2
-/NO3

- even when the 

nitrifying media was amended with 0.01% glucose favoring higher ratios of 

OC:DIN. Hence, heterotrophic nitrification could contribute to the total NO2
-/NO3

- 

pool. Though quantification of heterotrophic nitrification is yet to be done, we tried 

to explore the factors governing the abundance of HNtb. The abundance of ANtb 

and HNtb at the control and the former at the experimental site were found to be 

unlimited by any of the factor measured in this study. However, the HNtb at the 

experimental site increased with depth (r=0.33, p<0.01, n=64) and were 

governed by concentration of NH4
+ (r=0.23, p<0.1, n=64). Since the ANtb fraction 

is dominant at the experimental site it might out compete the HNtb for NH4
+. At the 

control site in the depth interval 0-2 cm, the NO3
- production is principally 
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governed by the abundance of HNtb (r=0.55, p<0.05, n=12), while Mn levels in 

turn govern (r=0.5, p<0.05, n=12), the abundance of these nitrifiers. Another 

significant relationship at the control site was observed at 4-6cm, where HNtb and 

ANtb were found to be mutually exclusive (r=-0.5, p<0.05, n=12) with NO2
- having 

a feed back inhibition on the former (r=-0.48, p<0.1, n=12). The abundance of 

ANtb in the depth intervals of 6-8 and 8-10 cm was governed by the levels of Mn 

(r=0.55, p<0.05, n=12) and Fe (r=0.54, p<0.05, n=12). Moreover the autotrophic 

nitrifiers govern the production of NO3
- at 6-8cm (r=0.56, p<0.05, n=12). Similarly 

the abundance of HNtb in the deepest section of the core is governed by the 

availability of Mn (r=0.47, p<0.1, n=12). Similar to the control site, at the 

experimental site (0-2 cm) the abundance of HNtb is governed by the levels of Mn 

in the sediment. The HNtb at 4-6 cm were governed by the levels of NH4
+ (r=0.79, 

p<0.001, n=12) and they could be actively linked to NO3
- production (r=0.46, 

p<0.1, n=12).  In a seasonal perspective it was found that at the control site the 

availability of NH4
+ is the most important factor governing the abundance of ANtb 

during all the seasons, except for the post-monsoon season when there is a feed 

back inhibition by NO3
-; the abundance of HNtb is probably not limited by any 

factor under consideration in the present study. At the experimental site, only 

NH4
+ and OC were  found to regulate the abundance of HNtb during the monsoon 

season. However, Fe and depth were the two parameters governing the 

abundance of ANtb during pre-monsoon and monsoon seasons. Their abundance 

was not limited by any factor during the post-monsoon season. 

 

Conclusion: 
The role of iron in governing Nrate in mangrove sediments has been 

demonstrated. Our studies suggest that heterotrophic nitrification could be more 

ubiquitous and significant in mangrove ecosystems.  In spite of having similar 

levels of OC and Nrate at both the sites, the underlying mechanisms governing the 

processes could be different. Higher abundance of HNtb at both the sites (102-3 

cells g-1) and the ANtb at the experimental site (~103 cells g-1) reflect the relatively 

higher refractile nature of organic carbon at the experimental site. We conclude 
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that both the quality of organic carbon and quantity of iron govern nitrification 

rates in these mangrove swamps.  
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Legends to Table and figures: 
 
Fig. 1. Location of sampling sites in the Chapora and Mandovi estuary. 

Fig. 2. Seasonal down-core variation in pore water ammonium (a), nitrite (b) and 

nitrate (c) at both the control and experimental site for the Pre-monsoon ●; 

Monsoon ○ and Post-monsoon ▼ seasons. Only positive standard 

deviation is shown in the figure. 

Fig. 3. Seasonal down-core variation in iron (a), manganese (b) and OC (c) at 

both the control and experimental site for the Pre-monsoon ●; Monsoon ○ 

and Post-monsoon ▼ seasons. Only positive standard deviation is shown 

in the figure. 

Fig. 4. Seasonal down-core variation in nitrification rates (a), autotrophic nitrifiers 

(b) and heterotrophic nitrifiers (c) at both the control and experimental site 

for the Pre-monsoon ●; Monsoon ○ and Post-monsoon ▼ seasons. Only 

positive standard deviation is shown in the figure. 

Fig. 5. OC: DIN Vs Nitrification rate for both the control and experimental sites. 

Pre-monsoon control (●), Monsoon Control (○), Post-monsoon control 

(▼), Pre-monsoon experiment (∇), Monsoon experiment (■), Post-

monsoon experiment (□). 

Table 1: Summary of multiple regression analysis. Only the significant factors are 

listed (p<0.05) in the descending order of their significance. 'r' value is 

given in brackets. 
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Table 1 

 
 

Season Factor under 
consideration 

Control 
(Parameters 
influencing the 
factor under 
consideration) 

Experiment 
(Parameters 
influencing the 
factor under 
consideration) 

Pre-
monsoon 

Nitrification rate Depth (0.67) NH4
+ (0.55) 

Autotrophic nitrifiers OC(0.71)> 
NH4

+(0.64)> Mn(0.61) 
Fe (0.34) 

Heterotrophic nitrifiers Nil Nil 
Monsoon Nitrification rate Nil NO2

- (0.67) 
Autotrophic nitrifiers NH4

+(0.58) Depth(0.54)> NO2
-

(0.47) 
Heterotrophic nitrifiers Nil NH4

+(0.71)> OC(0.62)
Post-
monsoon 

Nitrification rate NH4
+(0.69) Nil 

Autotrophic nitrifiers NH4
+(0.74) Nil 

Heterotrophic nitrifiers NO3
-(0.50) Nil 

Full 
monsoon 
cycle 

Nitrification rate OC(0.76)>Hntb(0.68) Fe(0.82)>Antb(0.71) 
Autotrophic nitrifiers Nrate(0.82) NH4

+(0.73)> NO2
-

(0.62)> Depth(0.61)> 
OC(0.58)> Nrate(0.51) 

Heterotrophic nitrifiers NO2
-(0.74) Nrate (0.65) 


