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types of shrimp farm systems contrasted with the levels 
of inorganic nitrogen (total inorganic nitrogen was high 
in the mixed-type systems and low in the separate-type 
systems) (Fig. 4). 

Most of the mangroves (Stations 8, 17, 18 and 25) 
were categorized as low-nutrient areas (Fig. 4). Concen-
trations of dissolved inorganic nitrogen and phosphate in 
tropical mangrove forests are generally reported to be 
low (within the µM range) because of the rapid and effi-
cient uptake of dissolved materials by bacteria (Alongi  
et al., 1992). An exception was the mangroves in mixed- 
type shrimp farms (Station 30), which fell within the 
category of mixed-type shrimp ponds (high levels of 
inorganic nitrogen while phosphate levels were low). 

 

3.1.2 Heavy metals 
Of the metals analyzed, comparatively high levels of 

arsenic, cadmium and lead were detected; mean values 
exceeded the World Health Organization (WHO) stand-
ard for drinking water in some categories (Fig. 5). High 
levels of arsenic and cadmium were detected in the 
shrimp farm systems and the canals receiving drainage 
from the separate-type ponds. This observation suggests 
that the shrimp farm system may be a source of the two 
metals in drainage waters. Although the concentration 
levels were not as high, titanium showed a similar pattern 
to that of arsenic and cadmium. High levels of lead were 
detected in the urban regions and their river waters; mean 
values exceeded the WHO standard for drinking water in 
these two categories. In addition to lead, the iron con-
centration was higher in the urban regions compared with 
the other categories. One interpretation of this could be 
that the urban system may be a source of lead and iron. In 
mangrove soil pore water of these regions, higher con-
centrations of lead, manganese, chromium, zinc and 
molybdenum were detected compared with those of the 
other stations. These elements might accumulate in the 
soil through the ability of soil particles to adsorb metal 
ions, and the bacterial mineralization process allows 
them to become soluble. Relatively high levels of cal-
cium and strontium in the shrimp farm systems may be 
attributed to the influence of seawater, because this 
generally contains comparatively high levels of these two 
elements compared with freshwater. Furthermore, sepa-
rate-type shrimp ponds need the addition of CaCO3 in 
order to regulate the pH conditions of the water, because 
these types of ponds tend to become acidic due to oxida-
tion of pyrite. This may be a reason for the higher con-
centration of calcium in separate-type ponds than in 
mixed-type ponds. 

 
3.1.3 Bacterial activity 

On a dry-weight basis, the potential activity of inor-
ganic nitrogen-consuming bacteria was considerably 
higher in root materials than in soil, probably because of 
the high nitrogen requirements of root cells (Fig. 6). The 
background soil nitrogen-consuming activity was calcu-
lated as 1.5-3.9 g N m-2 d-1 (Table 2). This value can only 
be applied to the top 1-6 cm of soil and therefore the rate 
of inorganic nitrogen consumption over the entire man-
grove forest, including deeper soil, must be higher than 
this. There may be an effective nitrogen-exporting pro-
cess in the mangrove root zone; that is, a nitrification– 
denitrification process. The first step in this process is the 
oxidation of ammonium nitrogen in soil pore water to 
form nitrite-N. The nitrite-N is reduced in the anoxic 
zone to form gaseous-N, which is then lost to the atmos-
phere. This process is accelerated when oxic and anoxic 
conditions co-exist, as is the case in the mangrove root 
zone. Most mangrove species develop aerial root systems 
to transport oxygen through internal lacunae (gas-space 
continua) to their root tips, which are buried in hypoxic 
sediments. A portion of this oxygen diffuses toward the 
rhizosphere via the root surface, and forms a thin oxida- 

Fig. 3 Inorganic phosphate dissolved in water in the Mekong 
delta. Results are expressed as mean ± standard error 
(n = 3–6). Different letters indicate significant differences 
(p < 0.05). 

 
 

 
Fig. 4 Water characteristics of mangrove ecosystems in the 

Mekong delta. 
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tive layer. It has been reported that the soil redox poten-
tial is higher in the mangrove rhizosphere than in the 
non-rhizosphere (Thibodeau & Nickerson, 1986; McKee 
et al., 1988; McKee, 1993). It is likely that nitrification 
would occur in this oxic zone.   

The potential of nitrogen-fixing activity was signifi-
cantly higher in root materials than in soil (P < 0.05,  
Fig. 7). This can be interpreted to mean that nitrogen- 
fixing bacteria are more abundant in the mangrove 
rhizosphere than in bulk soil or in the bacteria colonizing 
root materials. Detection of nitrogen-fixing activity in 
mangrove root materials (Inoue et al., 2011a) has been 
reported in previous studies. Inoue et al. (2011b) reported 
that nitrogen content (C:N) was significantly higher in 
the mangrove root zone than 10 cm away from the root 
zone. The high levels of nitrogen may be due to dead root 

 
Fig. 5 Dissolved metal concentrations in the Mekong delta. Orange lines indicate the standard for drinking 

water set by the World Health Organization. Results are expressed as mean ± standard error (n = 3–6). 
Letters indicate significant differences (p < 0.05). 

 

Fig. 6 Inorganic nitrogen-consuming bacterial activity by soil and
roots in Mekong delta mangrove forests. Results are
expressed as mean ± standard error (n = 5). Different letters
indicate significant differences (p < 0.05). 

 

Table 2 Background upper-soil inorganic-nitrogen- 
consuming activity in mangrove soils. 

Station N-consuming potential 
[gN area m-2 day-1] 

Can Gio  
8 3.5 ± 0.2 

Soc Trang  
17 2.2 ± 0.4 
18 1.5 ± 0.5 

Ca Mau  
25 3.9 ± 0.5 
30 3.6 ± 0.3 

Mean ± SD
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detritus, which is abundant in the root zone, or to high 
levels of bacterial nitrogen immobilization in the root 
zone.  

In Can Gio and Soc Trang mangroves, the balance 
between nitrogen consumption and fixation was negative 
in the top 1-6 cm of mangrove soils, while it was substan-
tially positive in root materials (Fig. 8), indicating that 
nitrogen input to mangrove roots was guaranteed by 
nitrogen fixation itself. In contrast, the nitrogen balance 
was negative in both soil and root materials in the Ca 
Mau mangroves. 

 
3.1.4 Effect of ammonium input on nitrogen fixation 

The water quality results suggest that one of the key 
changes occurring around the mangrove forests is high 
nitrogen input from the urban areas upstream. Apart from 

the mangroves in the Ca Mau region, the addition of 
ammonium (2.8 ppm NH4

+) reduced the potential of 
mangrove soil nitrogen-fixing activity to less than half of 
the control treatment (Fig. 7). Ammonium is relatively 
important in regulating nitrogen fixation in aquatic envi-
ronments, because of the repression of nitrogenase 
synthesis and rapid reversible inhibition of nitrogenase 
activity (Capone, 1988). In contrast to the soil, the 
potential nitrogenase activity of root material was not 
reduced by the addition of NH4

+ (Fig. 7). This suggests 
that the composition of nitrogen-fixing bacteria differs 
between the bulk soil and the rhizosphere (or in root 
materials), and the bacteria associated with root materials 
are insensitive to NH4

+. Some sulfate-reducing bacteria, 
such as those in the genus Desulfovibrio, are known to be 
insensitive to NH4

+ (Welsh et al., 1997). In Ca Mau 
mangroves, the addition of ammonia did not reduce the 
potential nitrogenase activity of either soil or root mate-
rial. At Stations 30-32, the ammonium concentration in 
soil pore water was already high and thus the potential 
nitrogenase activity might have already been suppressed. 

Compared with the previously reported values (Potts, 
1979; Hicks & Silvester, 1985; Boto & Robertson, 1990; 
Woitchik et al., 1997; Kristensen et al., 1998; Alongi  
et al., 2000; Sjoling et al., 2005), the value of bacterial 
nitrogen-fixing activity in the Can Gio forest (Station 7) 
and that in one of the Soc Trang forests (Station 18) ana-
lyzed in this study was not remarkably low compared 
with that in other forests. The values in the Ca Mau re-
gion (Stations 25 and 30) and in the other Soc Trang 
forest (Station 17) were comparatively low (Fig. 9). The 
Soc Trang forest, Station 17, is located on the seaward 
fringe, and thus the low bacterial nitrogen-fixing activity 
might be attributed to its low soil organic matter (0.9%), 
because the oxidation of organic matter is essential for 

 
Fig. 7 Nitrogen-fixing activity by soil and roots under control, ammonium fertilization (2.8 ppm NH4

+) 
and shrimp-pond-water-added conditions, respectively, in the Mekong delta. Results are expressed 
as mean ± standard error (n = 5). 

 
 

Fig. 8 Balance between nitrogen consumption and 
fixation.  
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nitrogen fixation. Alongi et al. (2000) analyzed soil 
nitrogenase activity in three mangrove forests in the Ca 
Mau region in 1996 (the 1996 Vietnam values in Fig. 9). 
Compared with the values in 1996 and those obtained in 
this study, the bacterial nitrogen-fixing activity in the Ca 
Mau region seems to have fallen remarkably in these 
thirteen years. Because the three mangrove forests in 
Alongi et al. (2000) are not the same forests studied here, 
some conditions such as forest age and surrounding 
circumstances were not the same, and thus the results 
from the two studies cannot simply be compared. How-
ever, there is the possibility that expansion of mixed-type 
shrimp farm areas have led to a reduction in the activity 
of nitrogen-fixing bacteria. A high level of ammonium 
drainage from the upstream regions in this study would 
affect the nitrogen balance in downstream mangrove 
ecosystems. Consequently, part of the mangrove soil 
nitrogen would shift from atmospherically derived N to 
anthropogenically derived N. If the nitrogen input from 
the artificial systems exceeded the nitrogen-consuming 
capacity of the mangrove forest, effects on plant growth 
due to excessive ammonium and eutrophication of the 
surrounding ocean would occur. Finally, addition of the 
shrimp pond water also reduced potential nitrogenase 
activity in the soil in the Soc Trang forest (Station 18) to 
less than half that of the control treatment (Fig. 7). The 
water characteristics results indicate that the shrimp pond 
water contained comparatively high levels of arsenic, 
cadmium, calcium, strontium and titanium (Fig. 5). The 
effect of heavy metals on nitrogen-associated bacteria in 
mangrove forests needs to be examined. 
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