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Seasonal changes in water quality were measured in samples taken at various distances from shallow
water across mudflat to mangroves during flood period and from mangroves across mudflat to shallow
water during ebb period in a subtropical mangrove estuary (Zhangjiang Estuary, Fujian, China). The TN
(total dissolved nitrogen), TP (total dissolved phosphorus), COD (chemical oxygen demand), and DOC
(dissolved organic carbon) contents during the flood period were significantly higher than those during
the ebb period. In contrast, the opposite was true for the POC (particulate organic carbon) content and
transparency. The mangroves at Zhangjiang Estuary may trap nutrients at rates of 90.5 g N/m2/yr, 2.2 g
TP/m2/yr, and 13.7 g C/m2/yr in the form of DOC, and export POC at a rate of 81.8 g/m2/yr. Our results
support the hypothesis that the maintenance of estuarine water quality by mangroves occurs during
flood periods.

� 2010 Elsevier Ltd. All rights reserved.
Since mangrove ecosystems are suitable for brackish water
shrimp culture, many shrimp ponds have been constructed in or
adjacent to mangrove wetlands (Twilley et al., 1993; Csavas,
1994; Robertson and Phillips, 1995; Rivera-Monroy et al., 1999;
Wang and Wang, 2007). This is the case of the Zhangjiang Estuary,
Fujian, China (Fig. 1). Intensive shrimp aquaculture is an inefficient
production system because only approximately 20% of the nitrogen
of the feed input is incorporated into the shrimp harvest (Briggs
and Funge-Smith, 1994; Jackson et al., 2003). Remaining nitrogen
acts to fuel plankton and microbial production within ponds, often
resulting in negative effects on pond water and sediment (Mori-
arty, 1997; Burford and Glibert, 1999). The exchange of coastal
waters in shrimp aquaculture ponds is important to ensure optimal
survival and high yields (Rivera-Monroy et al., 1999; Jackson et al.,
2003). This exchange is also the primary means of pollutant dis-
charge (Paez-Osuna et al., 1997; Funge-Smith and Briggs, 1998;
Preston et al., 2000; Jackson et al., 2003; Shimoda et al., 2007),
potentially leading to deleterious effects in receiving waters such
as eutrophication if not planned and managed appropriately (Lin,
1989; Sansanayuth et al., 1996; Naylor et al., 1998). This concern
has led to an increase in research on systems receiving shrimp
pond effluents (McKinnon et al., 2002; and other references cited
in this paper).
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Mangrove ecosystems create a suitable environment for remov-
ing and transforming pollutants in waste water (Wu et al., 2008).
This function is fulfilled through the processes of sedimentation,
filtration, microbial activity, plant absorption, etc., when waste
water passes through mangroves (Nedwell, 1975; Tam and Wong,
1993; Corredor and Morell, 1994; Wong et al., 1995; Alongi,
1996; Rivery-Monroy et al., 1999). Many studies have demon-
strated that mangroves make a significant contribution to the re-
moval of nutrients and organic matter from waste water
(Sansanayuth et al., 1996; Wong et al., 1997; Chu et al., 1998; Tilley
et al., 2002) and to the maintenance of estuarine water quality
(Saenger, 2002). Nevertheless, most of our knowledge regarding
the purification process comes from simulation experiments. In
these studies, shrimp pond effluents were discharged directly into
the semi-enclosed or wholly enclosed vegetated areas of man-
groves (Gautier et al., 2001; Tilley et al., 2002; Huang et al., 2004;
Wu et al., 2008), pond-cultured mangrove saplings (Shimoda
et al., 2005a), or pot-cultivated mangrove seedlings (Chen et al.,
2000), and retained for certain periods of time. On most occasions,
there was no tidal flushing or cycle (Wu et al., 2008). Most shrimp
ponds have been constructed in places originally occupied by man-
groves (Wang and Wang, 2007). To save energy, the discharge of
shrimp pond effluents is generally processed during ebb periods
by gravity. These effluents ultimately find their way into the coastal
areas through creeks (McKinnon et al., 2002; Costanzo et al., 2004;
Mishra et al., 2008). They merge with estuarine waters before
returning to the vegetated areas during flood periods (Zhang
et al., 1999). Thus, the proposed method to use mangrove wetlands
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Fig. 1. Map of the coastal region of the Zhangjiang Estuary indicating the location of the sampling sites see Fig. 1.
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as filters of pond discharge prior to the release of effluents to estu-
arine waters has not yet been tested in the field under natural con-
ditions (Twilley et al., 1993; Csavas, 1994; Robertson and Phillips,
1995). Till now, much less is known about the fate of pond pollu-
tants after they are discharged into estuarine water through man-
groves (Grant et al., 1995; Jones et al., 2001).

Most attentions were focused on the changes in water quality in
receiving creeks (Trott and Alongi, 2000; Costanzo et al., 2004). It
was proven that the symptoms of aquaculture effluent (e.g. ele-
vated nutrient and chlorophyll concentration) were only measur-
able in close proximity to the discharge points (Samocha and
Lawrence, 1997; McKinnon et al., 2002; Costanzo et al., 2004).
Costanzo et al. (2004) found that the water quality at the month
of effluent creeks was equivalent to control values (no discharge
creeks), indicating that pond effluent was contained within the
effluent-receiving creeks. However, there are also evidences show-
ing that the influence of shrimp pond effluent can extend further
(Jones et al., 2001; Costanzo et al., 2004).

Much effort has been invested in measuring flux of organic
matter and nutrients from mangroves (Twilley, 1988). However,
we still know little about mangrove-near shore exchange patterns
(Werry and Lee, 2005; Sánchez-Carrillo et al., 2009). Most available
reports have studied the flux of organic matter and nutrients
through a small mangrove creek (Boto and Wellington, 1988;
Ayukai et al., 1998; Trott et al., 2004; Rezende et al., 2007;
Sánchez-Carrillo et al., 2009). Very few studies have measured
the nutrient flux between creeks/mangroves and estuaries (Moran
et al., 1991; Tilley et al., 2002). Thus, it is difficult to assess the po-
tential use of mangroves in extracting nutrients from pond efflu-
ents (Rivera-Monroy et al., 1999). This lack of understanding also
complicates the control of shrimp pond development in mangrove
estuaries. Robertson and Phillips (1995) estimated that 2–22 ha of
mangrove forest is required for complete clearance of the nitrogen
load in the effluent from a 1 ha intensive shrimp pond. However,
Rivera-Monroy et al. (1999) argued that the required area was
0.04–0.12 ha. Shimoda et al. (2005b) estimated that 6.2 or 8.9 ha
of mangrove forest was required by 1 ha shrimp ponds to fully pro-
cess the phosphorus.

In this study, we hypothesized that the maintenance of estua-
rine water quality by mangroves occurs during flood periods. A be-
fore-and-after sampling design was used to measure changes in
water quality during a tide cycle in a subtropical mangrove estu-
ary. We sought to provide some insight into the changes in water
quality during a regular tide cycle, and to further quantify the
influence of mangroves on the aquatic environment.

The study was conducted in a subtropical mangrove wetland,
the Zhangjiangkou Mangrove Reserve, located on the southeast
coast of China (117�2400700–117�3000000 E, 23�5304500–23�5600000 N).
The estuary is semi-enclosed and opens into the Taiwan Strait. It
occupies ca. 2360 ha and is fringed by 117.9 ha of mangroves.
The dominant species are Avicennia marina, Kandelia obovata, and
Aegiceras corniculatum. The average tree height is about 2.3 m,
and the canopy coverage is greater than 90%. Tides are semi-diur-
nal, and the average tide amplitude is 2.32 m. The flood period lasts
around 6–7 h and the ebb period lasts about 5 h. Annual rainfall is
1714 mm, average temperature is 21.2 �C, and average water salin-
ity is 19‰. The depth of the water column at high tide was about
0.4 m.

There were two water locks at the uppermost distribution point
of the mangroves (Wa and Wb, Fig. 1). They were closed except on
rainy days. To minimize the influence of river water on our sur-
veys, all of the samples were taken on days with no rain. Thus,
the estuary received no river influx or pond effluents, but rather
was influenced only by tidal action and was virtually free of any
terrestrial or freshwater influences.

Before the 1990s, most mangroves of the Zhangjiang Estuary
were cleared for shrimp farming. Now, nearly the whole estuary
is surrounded by semi-intensive ponds (Fig. 1). This pattern is rep-
resentative of mangroves in China in general (Wang and Wang,
2007). These ponds are connected to seawater by waterspouts.
The spouts were only opened during water exchange (discharge
of pond water or influx of fresh seawater). The discharge of pond
effluent was caused by gravity during the ebb period and the efflu-
ent was discharged into the estuary through creeks in mangroves
or treeless mudflats. In contrast, fresh seawater was pumped into
ponds during the flood period. Effluent is periodic. The frequency
and extent of water exchange from ponds varied according to the
stage of the growth cycle and the water salinity, ranging from 0%
in the first month after stocking to 30% volume per week in the fi-
nal growth and harvesting stages.

Based on the direction of tide flow, topographic conditions, and
mangrove distribution, six sites were selected for sampling (Fig. 1).
These sites were distributed along the tide path at different dis-
tances from the shoreline. Site 1 was at the mouth of the estuary
and farthest from the mangroves. Site 2 was closer to the man-
groves and located on a treeless mudflat. Site 3 was at the edge
of the mangroves. Sites 4, 5, and 6 were within the treed areas.

From June 2005 to March 2006 (June 2005, September 2005,
November 2005 and March 2006), surface water samples were col-
lected from the 6 sites. The samples were taken 10–20 cm below
the water surface. All samples were taken on spring tide days
due to the fact that creeks are inaccessible by boat on neap tide
days. Sampling was carried out with the tide, beginning at Site 1.
The same actions were carried out at Sites 2–6, and were finished
before the tide started to ebb. We then waited at Site 6 until the
tide turned (i.e., water refluxing), and proceeded to take samples
again in the opposite direction. Salinity, pH, and DO were mea-
sured in situ during the sampling process at a depth of 20 cm using
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portable meters (Star 3, Thermo Orion, USA). Transparency (light
attenuation) was determined using a 25 cm diameter Secchi disk.
All in situ measurements had three replicates. We collected three
500 mL water samples at each site and stored them on ice for
chemical analysis within 1–2 d of collection.

The alkaline potassium supersulfate digestion-UV spectropho-
tometric method was used to measure total dissolved nitrogen
(TN). The phosphomolybdenum-blue spectrophotometric method
was used to measure the inorganic and total dissolved phosphorus
(TP). The potassium dichromate spectrophotometric method was
used to measure particulate organic carbon (POC). The H2SO4–
K2Cr2O7 oxidation spectrophotometric method was used to mea-
sure dissolved organic carbon (DOC). The alkaline KMnO4 method
was used to measure chemical oxygen demand (COD). All mea-
surements followed Standard GB17387.4-1997 (National Marine
Monitoring Standard of China, Part 4: Seawater Analysis) (State Bu-
reau of Oceanic Administration, 1991).

The flux of materials was calculated using the ‘Eulerian’ method
(Ayukai et al., 1998), whereby water flow (v) and material concen-
tration (c) are measured at a fixed station (Site 3) and the net flux is
calculated by adding up flux increments (F = v, c) over a the tidal
cycle. The mean water depth during high tide in the vegetated
areas of mangroves was 0.4 m. The current velocity was nearly zero
during the highest tide.

A three-way ANOVA was performed, with sites (6 levels), sea-
sons (4 levels) and tides (2 levels) were entered as fixed factors
and used to compare change in water quality parameters. We used
a paired samples test to compare the differences of water quality
parameters between flood and ebb periods. For all tests a criterion
of p 6 0.05 was used to determine statistical significance.

The TN, TP and COD and transparency were all significantly af-
fected by site, season and tide. The DOC and POC only showed sig-
nificantly tidal and seasonal differences. There were no significant
differences between flood and ebb tides in DO, pH and salinity,
while these parameters showed significant site and season differ-
ences (Table 1).

Although the mean TN, TP, COD, and POC contents showed sea-
sonal (Figs. 2A–6A) and spatial (Figs. 2B–6B) variation, there were
no significant differences (p > 0.05). Based on the results of the
paired samples test, the seasonal and spatial mean TN, TP, COD,
and DOC contents were significantly higher during the flood period
than during the ebb period. During a tide cycle, the average TN le-
vel declined by 14.1% (from 1.73 mg/L to 1.48 mg/L), the TP de-
clined by 17.8% (from 58.43lg/L to 48.12 lg/L), COD level
Table 1
Three-way ANOVA table on the effects of site, season and tide on the water quality param

Factors TN TP COD

T p T p T

Si 19.229 <0.01 4.398 60.05 16.482
Ti 28.918 <0.01 5.508 60.05 5.588
Se 207.319 <0.01 49.913 <0.01 179.57
Si � Se 11.064 <0.01 1.730 0.150 4.753
Si � Ti 4.727 <0.01 0.214 0.951 1.243
Ti � Se 1.732 0.203 0.873 0.477 0.533

Transparency DO pH

T p T p T

Si 19.111 <0.01 7.320 <0.01 22.832
Ti 7.849 60.05 0.133 0.721 3.805
Se 7.961 <0.01 26.186 <0.01 160.43
Si � Se 4.631 <0.01 4.928 <0.01 1.119
Si � Ti 1.050 0.428 0.941 0.487 1.802
Ti � Se 4.216 60.05 3.346 0.053 0.345

Si: Site; Ti: tide; Se: Season.
declined by 12.7% (from 1.14 mg/L to 0.99 mg/L), and the DOC level
declined by 14.8% (from 0.15 mg/L to 0.13 mg/L) (Table 2).

For the POC, the seasonal and spatial mean contents were sig-
nificantly higher during the ebb period than during the flood per-
iod. During a tide cycle, the average POC level increased by 3.4%
(from 6.81 mg/L to 7.05 mg/L) (Table 2). At Site 3 (the edge of
the mangroves), the mean POC content increased from 6.79 mg/L
during the flood period to 7.07 mg/L during the ebb period. If we
assume that all the increased POC originated from the mangrove
and that the mean water depth in the mangrove was 0.4 m, the
net output of organic carbon by means of POC in Zhangjiang man-
grove estuary was 0.25 g C/m2/d, or 81.8 g C/m2/yr.

No consistent changes in DO, pH, and salinity were observed
during a tide cycle (Fig. 7). However, water transparency increased
by 16.3% (from 23.4 cm to 27.2 cm) (Table 2).

The paired samples test showed that strong contrasts in most
water quality parameters (TN, TP, COD, DOC, POC, and transpar-
ency) were evident between the flood and ebb periods. As summa-
rized above, the mangroves purify water by stripping N, P, and
other deoxidizing matters from effluent and exporting organic car-
bon. These results also support our hypothesis that mangroves
maintain estuarine water quality during flood tides.

From the flood period to the ebb period, the TN and TP contents
in the water at the edge of the mangroves (Site 3) decreased from
1.65 mg/L to 1.34 mg/L and from 40.66lg/L to 32.99 lg/L, respec-
tively. These results support the general view that mangroves con-
serve nitrogen and phosphorus. Using the Eulerian method, it was
estimated that the mangroves of the Zhangjiang Estuary could trap
nutrients at rates of 90.5 g N/m2/yr and 2.2 g P/m2/yr, respectively.

Other researchers have estimated the amounts of N and P re-
quired to support total net mangrove growth were 21.9 g/m2/yr
and 0.2 g/m2/yr, respectively (Spain and Holt, 1980; Clough et al.,
1983; Gong and Ong, 1990). Thus, the amount of nitrogen and
phosphorus that enters mangroves is much higher than that
needed for plant growth. Other mechanisms such as accumulation
in sediments and microbial transformation play a role (Alongi,
1988, 1994; Corredor and Morell, 1994; Tam and Wong, 1999;
Ye et al., 2001; Tam et al., 2009). In terms of wastewater-borne
nitrogen, the relative importance of these processes varies and af-
fects by many factors such as plant species, types of wastewater,
and salinity (Ye et al., 2001). Pot cultivation experiments showed
that most N and P were removed by soil. Under saline water con-
dition, N nutrient removal efficiencies by Kandelia candel pot-culti-
vation systems were 92.7% (80.7% by soil and 12.0% by plant), and P
eters in the Zhangjiang Estuary, Fujian, China.

DOC POC

p T p T p

<0.01 1.472 0.260 0.365 0.865
60.05 4.429 60.05 8.318 60.05

6 <0.01 22.434 <0.01 116.339 <0.01
<0.01 1.120 0.418 2.355 0.054
0.338 0.669 0.654 0.376 0.858
0.667 1.239 0.333 1.597 0.232

Salinity

p T p

<0.01 93.177 <0.01
0.070 0.033 0.858

3 <0.01 299.275 <0.01
0.415 3.150 60.05
0.173 4.563 60.05
0.793 1.754 0.202
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Fig. 2. Comparison of seasonal (A) and spatial (B) variation of the total dissolved nitrogen (TN) content during flood and ebb periods in the Zhangjiang Estuary, Fujian, China.
Site distributions see Fig. 1.
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Fig. 3. Comparison of the seasonal (A) and spatial (B) variation in the total dissolved phosphorus (TP) content between flood and ebb periods in the Zhangjiang Estuary,
Fujian, China. Site distributions see Fig. 1.
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Fig. 4. Comparison of the seasonal (A) and spatial (B) variation in the chemical oxygen demand (COD) content between flood and ebb periods in the Zhangjiang Estuary,
Fujian, China. Site distributions see Fig. 1.
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Fig. 5. Comparison of the seasonal (A) and spatial (B) variation in the dissolved organic carbon (DOC) content between flood and ebb periods in the Zhangjiang Estuary,
Fujian, China. Site distributions see Fig. 1.
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nutrient removal were 88.0% (84.2% by soil and 3.8% by plant)
(Ye et al., 2001). Most pollutants were accumulated in the top layer
(0–1.5 cm) of the soil tray, with little downward migration (Tam
and Wong, 1996, 1999). In a recent greenhouse tide tank study,
the plant uptake was less than 10% but 15–30% of the total nitro-
gen inputs were returned to atmosphere via nitrification–denitrifi-
cation, and the rate was dependent on the tidal regime and the
availability of oxygen in sediment (Tam et al., 2009). On average,
about 15% (range: 3–47%) of total nitrogen input into mangrove
soils is denitrified (Alongi, 2009). There is little evidence to reply
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Fig. 6. Comparison of the seasonal (A) and spatial (B) variation in the particulate organic carbon (POC) content between flood and ebb periods in the Zhangjiang Estuary,
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Table 2
Mean values and results of the paired samples test (between flood and ebb periods) of water quality parameters in the Zhangjiang Estuary, Fujian, China.

Index Flood period Ebb period Change (%) T value p value

TN (mg/L) 1.73 ± 0.17 1.48 ± 0.21 �14.1 4.086 0.000
TP (lg/L) 58.43 ± 9.59 48.12 ± 12.25 �17.8 2.071 0.050
COD (mg/L) 1.14 ± 0.25 0.99 ± 0.37 �12.7 2.373 0.026
DOC (mg/L) 0.15 ± 0.01 0.13 ± 0.03 �14.8 2.381 0.026
POC (mg/L) 6.81 ± 0.10 7.05 ± 0.07 3.4 �2.953 0.007
Transparency (cm) 23.4 ± 2.9 27.2 ± 5.2 16.3 �2.735 0.012
DO (mg/L) 8.08 ± 1.05 7.90 ± 0.77 �2.2 0.284 0.770
pH 7.45 ± 0.08 7.49 ± 0.12 0.5 �1.869 0.074
Salinity (‰) 10.95 ± 2.37 10.96 ± 3.56 0.1 �0.187 0.853
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Fig. 7. Changes in the seasonal mean DO, pH, salinity, and transparency of the water at different sites in the Zhangjiang Estuary, Fujian, China. Site distributions see Fig. 1.
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which mechanism is the most important in the field, because the
complete soil N cycle has been studied in only three mangrove
wetlands (Alongi, 2009).

Carbon export (not including leaf litter) was estimated directly
by combining information on the movement of water though
mangroves with the measurement of the POC and POD contents
(Hogarth, 2007). About 81.8 g C/m2/yr was exported from the
Zhangjiang Estuary in the form of POC. This component comprised
around 31.3% of the annual leaf-litter fall production, which was
534.3 g/m2/yr (personal data, unpublished). This proportion is sim-
ilar to the results (35.9%) from Hinchlnbrook Island in Queensland,
Australia (Boto and Wellington, 1988). However, the estimated
amount of carbon export at Zhangjiang Estuary in the form of
POC was higher than that the amount exported at the Hinchin-
brook Island mangrove (58.4 g C/m2/yr) (Boto and Bunt, 1981).

The discharge of DOC to the adjacent ocean may be one of the
dominant outputs of a mangrove forest. There was a net export
of DOC (56 g C g/m2/yr) in a riverine mangrove wetland along
Shark River, FL (Romigh et al., 2006). According to Twilley
(1985), DOC accounts for up to 75% of the total carbon export for
infrequently flushed basin forests (64 g C g/m2/yr). In North Brazil,
DOC and POC were exported from the mangrove to the estuary in
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similar proportions (Dittmar and Lara, 2001). In Southeast Brazil,
DOC was the major form of carbon exported to Sepetiba Bay
(60%) (Rezende et al., 2007). By using a modeling approach, Mach-
iwa and Hallberg (2002) found that DOC accounted for 80% of the
total organic carbon export. In comparison, the DOC exchange at
Zhangjiang Estuary was minimal, amounting to a net import of
13.7 g C/m2/yr. A higher level of POC export and a lower level of
DOC import were also reported for the Mngazana Estuary man-
groves in South Africa (Rajkaran and Adams, 2007).

The export of plant litter or macro-particulate matter from man-
groves is also important (Ayukai et al., 1998). However, no general
consensus has been reached regarding other materials, such as
nutrients and dissolved and particulate organic matter (Twilley,
1985; Dittmar and Lara, 2001). After reviewing published data,
Hogarth (2007) concluded that no generalization regarding the im-
port/export of carbon can be made. Wolanski et al. (1998) found
that POC is imported into mangrove swamps particularly during
spring tides in the Hinchinbrook Channel mangrove in Australia.
In a microtidal semi-arid mangrove system in northwestern Mex-
ico, Sánchez-Carrillo et al. (2009) found that TOC and DOC showed
net imports during spring tides, while export occurred during neap
tides. The mangrove system acted as a POC sink during the summer
and as a source in the winter. Local environmental conditions (bio-
tic and abiotic) have a site-specific influence on the magnitude of
mangrove nutrient exchange, complicating the comparison of re-
sults between ecosystems (Sánchez-Carrillo et al., 2009).

Stable coastal boundary layer water can form on shorelines
fringed by straight mangroves sheltered by headlands (Wolanski,
1992). Under such conditions, export effects will only be present
over restricted distances. Geomorphologically, Zhangjiang Estuary
is not sheltered by a headland (Fig. 1). However, constant and sig-
nificant salinity changes between Sites 1 and 2 and almost no
salinity changes from Sites 3 to 6 (Fig. 7) suggest that a coastal
boundary layer also occurs within the Zhangjiang Estuary. This
boundary layer is located between Sites 1 and 2. The existence of
a coastal boundary layer will effectively reduced the extent of ex-
port from the mangroves to offshore areas and export effects will
only be present over restricted distances (Lee, 1995). This is the
case at the Zhangjiang Estuary. The export of POC was limited be-
tween Sites 1 and 2 (about 300 m from the edge of the mangroves).
At Site 1, the variation in the mean POC contents in the water be-
tween the flood and ebb periods was only 0.07 mg/L (Fig. 6B). Thus,
mangrove POC export had only very local effects and almost no ef-
fect on water quality at Site 1. Our results are consistent with the
results from south Florida (Fleming et al., 1990), the Berry Islands
of the Bahamas (Moran et al., 1991), and northern Brazil (Dittmar
and Lara, 2001). Semi-enclosed topography, small tidal range
(2.32 m), and the lack of rainfall during sampling periods may be
the reasons for the reduced POC export distance.
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