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Absract

Water, salt, dissolved inorganic nitrogen (DIN), and dissolved inorganic phosphorus (DI P) budgetsin the Bangpakong
Estuary were conducted by repeated observations and multiple box modeling. Water samples for inorganic nutrient
analyseswere collected monthly from June 2000 to May 2001. Flushing time at the estuary depicts high variationsranging
from 1.4 (October 2000) to 80 days (February 2001) with an annual mean of 15.2 days. Seasonal variation in salinity
gradients and estuarine Richardson numbers show the Bangpakong Estuary was partially stratified during the wet season
and awell-mixed estuary in the dry season. Riverine nutrient inputs and distributions of nutrient concentrationswithin the
river estuary varied in space and time. Temporal variations in fluxes were strong within inter-seasonal scales owing to
water fluxes and system concentrations. Theincrease of DIN and DIP fluxesin the estuary may betheresults of degradation
of particulate organic matter. The Bangpakong Estuary appears to be a heterotrophic system where respiration exceeds
photosynthesis (p-r < 0) and a denitrifying system. Seasonal variations in biogeochemical rates were attributable to
differencesin magnitude of freshwater inputs.
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1. Introduction

Estuaries are important regionsin the transport
and transformation of materials from terrestrial
sources and anthropogenic activities. Theseregions
also play an important role in processing nutrients
exchanged between land and sea (Eyre and Twigg,
1997). The high nutrient and productivity of estuar-
ies make them rich nurseries and feeding grounds
for juvenile fish. Globally, estuarine nutrient loads
have steadily increased over recent decades coin-
cident with rises in the human population and in-
dustry. Such increases may boost primary produc-
tion and provide either an additional sink and/or
source for carbon, nitrogen and phosphorus (Gor-
don et al., 1996) in coastal waters.

Nutrient budgets have been prepared for many
estuaries and applied as management tools in sev-
eral watersheds (Howarth et al., 2000; Gazeau et
al., 2004; Cao et al., 2005). Research on ecologi-
cal impacts of altered biogeochemical fluxesinthe
coastal zone has advanced to the point where fluxes
of biogeochemically important elements for envi-
ronmental management applications can be esti-
mated and predicted (Nixon et al., 1995; Humborg
et al., 2000). In order to access efficient coastal

zone management, we need to know the magnitude
of changes and controlling feedback mechanisms,
for example, the natural and anthropogenic nutrient
sources and sinks. This involves a description of
disturbed and undisturbed biogeochemical cycleson
the relevant spatio-temporal scales (Humborget al.,
2000) and an estimation of fluxes and budgets.

However, it is difficult to obtain carbon and
nutrient budgets through direct measurement (Hung
and Kuo, 2002). A model to estimate nutrient and
carbon budgets was developed by Gordon et al
(1996) and referred to as LOICZ (Land-Ocean
Interactions in the Costal Zone). This model has
been widely used for C-N-P budget calculationsin
estuarine and coastal ecosystems (Dupra et al.,
2000; Wattayakorn et al., 2001; Hung and Kuo,
2002; Ngusaru and Mohammed, 2002; Wosten et
al., 2003; Camacho-Ibar et al., 2003; Zhang et al .,
2004; Cao et al., 2005). However, a number of the
budgets for tropical estuaries derived from time-
averaged concentrations of nutrients and salinity
may have particularly large errors, when datafrom
only two contrasting seasons (such as wet and dry
seasons) are averaged (Hung and Kuo, 2002 and
Webster et al., 2000).

In the present study, non-conservative N and P
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fluxes, net ecosystem production; [p-r], and the bal -
ance between nitrogen fixation and denitrification
(nfix-denit) were estimated for the Bangpakong
River Estuary using the LOICZ biogeochemical
model. Thislargeriver estuary issituated in atropi-
cal coastal zone of the Gulf of Thailand. Measure-
ment and cal culation of water flow and nutrient con-
centrations were conducted during the period of
2000-2001 and served as data sources for the bud-
get calculations.

2. Materialsand methods
2.1. Sudy area

The Bangpakong River, one of the four major
rivers flowing into the inner Gulf of Thailand, is
situated on the northeast corner of the Gulf (Fig. 1).
In contrast to other major rivers in Thailand, the
Bangpakong River flows naturally into the Gulf
without dam regulation. This river system gathers
water mainly from the Nakorn Nayok and the
Prachinburi Rivers. Drainage basin and length of
the Bangpakong River are 18,570 km? and 125 km
(Boonphakdee et al., 1999), respectively. Major
sources of nutrientsto thisdrainage include munici-
pal communities, agricultural soils, poultry and
aquacultural practices located in the river basin
(Kasertsart, 2000; Bordalo et al., 2001).

Saline water extends approximately 120 km up-
stream from the river mouth during the dry season

(December 2000 to May 2001). The river estuary
becomes mostly fresh during the wet season (June
to November 2000). Thetideisdiurnal mixed with
amoderate range of about 1-2.5 m (Sojisuporn and
Jirasirilert, 1991).

2.2. Sampling and chemical analyses

Water sampling and measurement of water pa-
rameters were carried out monthly from June 2000
to May 2001 at 25 stations located along the
Bangpakong River estuary. Salinity, pH and tem-
perature were measured at 0.5 m depth intervalsin
situ by multi-parameter probes (Y SI Sonde 6820)
with proper calibrations prior to use. Water samples
were collected at adepth of 0.5 m using aKitahara
water sampler within the main channel during neap
tideto minimizetidal effects.

Oneliter of each samplewasfiltered immediately
through GF/C filtered paper. Filtered water was kept
frozen until analyses. Three replicate analyses were
made for each chemical constituent. Dissolved
inorganic nitrogen (NO,+NO,+NH,, hereafter DIN)
and dissolved inorganic phosphate (PO, -P, hereafter
DIP) were determined colorimetrically (Strickland and
Parson, 1972). Intermsof quality control, theprecision
and the relative standard deviation for the triplicate
DIN and DIP analyses selected from several samples
were approximately + 5.0 % and 3.4 %, respectively.

2.3. Seady-state box model calculations
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Figure 1. Location of sampling stations in the Bangpakong River Estuary and boundaries of each box. R3, R2 and
R1 represent the location where river water ends in the dry season, November and wet season, respectively. The

star symbol identifies the offshore station.
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and lowest peaks in September 2000 and January
2001, respectively. River discharge and precipita-
tion was highly correlated (r=0.87) with atime-lag
of about one month.

Three longitudinal salinity distributions of the
Bangpakong River estuary are depicted in Figs. 4 (a,
b and c) showing a quasi-synoptic view for August
2000, November 2000 and February 2001 representing
the wet season, an intermediate period between wet
and dry seasons, and the dry season, respectively.
These were selected to illustrate the three principal
regimes of the Bangpakong river estuary. In August
2000 [Fig. 4(a)] river discharge was 531 m®/sec, and
strong enough to keep water fresh in almost all parts
of the river channel. Seawater was restricted to the
vicinity of the river mouth (salinity < 5), and the
differencein salinity between surface and bottom was
about 5. In November 2000, average river discharge
was 165 m?¥/sec, salt water intruded 35 km upstream
and the entire estuary was vertically well-mixed. In
February 2001 survey [Fig.4(c)] discharge at 4 m3/
sec was at amonthly minimum and therewas evidence
of salt water (>1) 120 km upstream. Mean salinity of
the lower estuary (Box 1) approached offshore water
sdinity.
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Figure 4. Longitudinal distributions of salinity in the
Bangpakong River Estuary under different discharge re-
gimes. () 20 August 2000 river discharge 531 mé.s* (b)
30 November 2000, 135 m*s* and (c) 10 February 2001, 4
m? st The distance is positive seaward from the river
mouth. The boundaries of the lower, middle and upper
estuary are indicated.

Freshwater inputs, residual flows and mixing
volumes were calculated according to Equation 1
and 3. Calculated results are shown in Table 1 and
2. The difference between total freshwater inputs
(e.g. June 2000, 50.3x10° m3d?) and evaporative
outflow (0.65x10° médt) was balanced by residual
flow (49.8x10° m3d?). For June 2000, water ex-
change was calculated as 110.9x10° m3d%, whichis
approximately twice the annual mean of residual
flow. Similarly, water budgets and flushing times
for all surveysarelistedinTable 1 and 2. The flush-
ing time (1) of the system determined by Equation
4, varied temporally from 1.4 day in October 2000
to 80 days in February 2001 with an annual mean
of about 15 days. Examples for budgetary calcula-
tionsin November 2000 are shown in Fig 5.

3.2. Nutrient distributions

DIN and DIP concentrations exhibited spatial
and temporal variationswithintheriver estuary (Fig.
6). Concentrations of both nutrients were obviously
low in the uppermost reach (>100 km upstream from
theriver mouth) and offshorewater (located at 17.5
km seaward from the river mouth) whereas con-
centrations in the middle and lower reach (cover-
ing from 66 km upstream to 17.5 km seaward from
the river mouth) were high. Concentrations of DIN
and DIP along the river estuary during the wet sea-
son (especially from August to October, 2000) were
significantly lower (p<0.05) than those in the dry
season. However, at the beginning of the wet sea-
son, June 2000, concentrations of DIN and DIP in
the middle and lower reacheswere higher than those
of other surveys, indicating additional inputs of these
nutrients.

DIP and DIN concentrations as a function of
salinity for the four selected sampling periods are
shown in Figs 8 and 10. In general DIP and DIN
exhibited linear distributions during ashort flushing
timein the wet season and increasing non-linearity
when flushing time was|onger. DIP showed removal
at low salinity and additional input at higher salinity
during the long flushing time in the dry season
whereas DIN received additional inputsin low sa-
linity region. However, a strong input of DIP oc-
curred in the upper estuary during February 2001.
Generally the majority of DIN occurred asNO, with
only asmall amount as NH,, except for the Febru-
ary samples.

3.3. Nutrient budget

Budgets and production of DIP and DIN are
summerized in Table 3. Non-conservative fluxes of
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into Box,, respectively.

Assuming steady state and neglecting ground-
water flux, Vi of the uppermost Box;, with sub-
script “i” depends upon period of samplings, was
obtained from:

Vg =- (VQ + Vo~ Vi) (1)

For the other boxes; vV, was calculated from:

Va = - (Vaut Vo Vi Vi)

Assuming steady state, we cal culated water ex-
change V , from equation of salt balance.

0= VoSt VS, — VaS (2)

where V. is a mixing volume exchanged be-
tween Box, and Box ;. S is mean salinity in Box;
S, is the salinity of water flowing from Box,, as-
suming that S, is the average salinity between
Box, and Box,,. Re-arranging Equation 2, V.,
can be obtained as: V,, = - V.S, /(S,-S) (3)
The total water exchange time of the entire estu-
ary (1) in days can be calculated as

T2V (Vi t V) (4)

where Ve is the total volume of the entire es-
tuary (sum of the volume of all boxes). Hereafter
we refer to the entire estuary as the system.

2.4.2. Nutrient balances

Assuming steady state, mass balances of nutri-
ents (DIN and DIP) were calculated. Flux of nutri-
ents by advection and mixing can be calculated by
usingV_andV, which were already obtained from
Equations 1 and 3. The nutrient fluxes by precipita-
tion and evaporation were negligible. Fluxes from
tributaries and sewage were calculated by multi-
plying discharge volume (V) by the concentration
of nutrients in tributaries (Kasertsart, 2000) and
sewage, which was obtained from Chonburi Mu-
nicipality (per. comm.).

Since we are assuming steady state, mass of
nutrientsin abox does not change with time. Thus,
it is assumed that production of nutrientsin a box
by non-conservative processes is equal to the loss
of nutrients by conservative processes, such as
advection and mixing exchanges.

The net export fluxes of DIP and DIN (DY)
from Box 1 to theinner Gulf of Thailand were cal-
culated from the LOICZ model as

Qr (Y1 Y2 + Qy (YY) (5)

Where, Y, and Y, are concentrations of DIP
and DIN in Box 1 and offshore water, respectively.

2.5. Estimates of net ecosystem metabolism and
net nitrogen production

Net Ecosystem Metabolism (NEM=p-r), which
is difference between primary production and
respiration [p-r] inthe system, wasevaluated in carbon

10

base, and estimated stoichiometrically from non-
conservative flux of DIP (ADIP) and a carbon-

phosphorusratio (C:P):
[p'r] = -ADIP (C:P)particulate (6)
where (C:P) is the carbon to phospho-

particulate

rus ratio of organic matter being produced or con-
sumed in the system. In this study, we assumed the
major primary producer was phytoplankton and
applied the Redfield ratio (C:P)particul 1 = 106 to sto-
ichiometric calculations.

Net nitrogen production (nfix-denit), defined as
net result of nitrogen fixation and denitrification, is
evaluated by the difference between non-conser-
vative flux of DIN (DDIN) and expected nitrogen
removal through biological uptake. In turn, expected
amount of nitrogen uptake, the last term of the right
sidein Equation 7, isrelated to phosphorus uptake
and the N:P ratio of organic matter in the system.
Therefore,

[nfix-denit] = ADIN - ADIP(N:P) ;. yqe (7

where ADIN and ADIP are obtained from nutrient
balance and the N:P ratio is also obtained from the
Redfield ratio (16:1). This calculation indicates
whether the system is a source or sink for fixed
nitrogen.

3. Results
3.1. Salinity distributions and water budget

There were large monthly differences in river
discharge and precipitation as shownin Fig. 3, with
relatively high values during the wet season (June
— November 2000) and low values in the dry sea-
son (December 2000-May 2001). Differences in
river discharge were up to 200-fold between the
maximum in September 2000 and minimum in Feb-
ruary 2001. A similar trend was found in precipita-
tion with a 25-fold difference between the highest
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Figure 3. Calculated river discharge (vertical bars) at the
Bangpakong river mouth and precipitation (line) of the
Bangpakong river basin during the period of June 2000
—May 2001.
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In order to determine the non-conservative fluxes
of DIP and DIN, a multi-box model was applied as
shownin Fig. 2. Details of the model are availablein
Gordon et al., (1996) and on http://www.nioz.nl/loicz.

The boundaries of each box in our model were
determined based on the salinity distributionsin the
Bangpakong Estuary during the dry season when
saline water reached 120 km upstream from the
mouth (see Results). We divided the whol e estuary
into three adjoining boxes as shown in Fig. 1 and
Fig. 2(a). Box 1, 2 and 3 correspond to lower, middle
and upper estuary, respectively. The boundary be-
tween Box 1 and Box 2 occurs at the Bangpakong
Bridge, which is the first bridge from the seaside.
The offshore boundary of Box 1 where concentra-
tions were nearly equal to those of offshore water
was determined by nutrient distributionsfrom apre-
vious study (Boonphakdee et al., 1997).

The area and volume of each box is shown in
Table 1. Initially, Box 3 representsthe region where
salinity was < 5; Box 2 wasthe region where salin-
ity was >5 and <25; and Box 1 was the area where
salinity was >25 and < offshore water. A simple
box model was applied for the wet season asBox 1
[Fig. 2(b)]. However, two box models [Box 1 and
Box 2 in Fig. 2(c)] were used for November 2000
as saline water intruded further upstream than dur-
ing other months of the wet season. Therefore, river
water end-member samples for the wet season,
November 2000 and the dry season samplingswere
not taken from the same station due to adifference
in distance of salt intrusion.

In order to calculate the volume of each box,

Vps Vi3 Vp:
River P3 E3 Vaa P2
() VR3
Vo —-—
rﬁ> V3,53 V2,52
g BOX 3 S — BOX 2
5g=0 VX3
(b)
Vp2
(C) River
VQ
v | vas2
g BOX 2
Sq=0

the surface area of Box 1 wasdivided into 590 bins,
each 0.25 km2. Depth of each bin was obtained from
a navigation chart, which represents depths at the
lowest low tide. The volumes of Box 2 and 3 were
estimated by integrating the mean river cross sec-
tional areas, obtained from bottom topography
charts of the Bangpakong River produced by Thai
Harbor Department, along the river axis at 2.0 km
intervals.

Monthly freshwater inputs for each box were
the sum of river discharges, cal culated as described
by Boonphakdee et al., (1999), and direct precipi-
tation to the water surface minus evaporation from
the water surface. Estimates of river discharge
were made primarily on the basis of monthly mea-
surements at Kabinburi gauge station (Royal Irri-
gation Department - pers. comm.) that provided an
estimate of fresh water inputs from 42 % of the
watershed.

2.4. Modeling approach

2.4.1. Water and salt balance

Water and salt balance for each box in the es-
tuary in the Bangpakong estuary was evaluated
following Gordon et al., (1996) as shownin Fig. 2.

Notations, V, indicates volume of Box; S, S,
and S, are salinities in Box, offshore water and
average salinity between Box, and Box. ,, respec-
tively. Vo isriver discharge flowing into the upper-
most box. V., V, V. and V_ are volumes of re-
sidual flux, other flows (i.e. tributaries and sewage
discharges), precipitation and evaporation flowing

. Offshore water
VE2 ) VpL][VEI
Vo
VR2 VR1
V1,81 So
BOX 1 >
Vx2 Vx1
Ve tve Offshore water
River
VR1
Vo ——
%> V1,51 S0
g BOX 1 S ——
So=0 VX
, Offshore water
Ve2 ) Vel Vel
Vol
VR2 VRI
V1,51 Sp
<——>| Boxt S —
Vx2 VX1

Figure 2. Multi-box model for water and salt budgets in the Bangpakong estuary during (a) the dry season, (b) the
wet season and (¢) November 2000. V: volumein the box; S: mean salinitiesin the box; Vo Vo Qg and Q, represent
river discharge, other flows, residual flow and mixing exchange flow, respectively. Seefurther explanationsin the text.
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Table 1. Freshwater inputs and average salinity of each box and offshore water.

Sampling Fresh water input (10 ® m®/day) Salinity
Period Offshore
Box 3 Box 2 Box 1 Box 3 Box 2 Box 1 water
Jun 00 - 49.6 - - 16.7 28.4
Aug 00 46.0 8.9 245
Sep 00 81.7 11.2 254
Oct 00 - 75.7 - 16.7 26.6
Nov 00 13.4 14.6 - 55 28.5 28.5
Dec 00 2.0 2.8 3.0 0.2 14.2 314 325
Jan 01 0.4 0.6 0.7 8.5 225 31.9 325
Feb 01 0.2 0.4 0.5 9.2 22.4 31.0 324
Apr 01 4.6 6.6 8.0 1.6 9.5 24.1 31.8
May 01 11.1 16.7 19.7 1.3 6.35 21.6 30.7
M ean 4.2 134 22.2 29.5
Volume (10°m°) 41.7 127.2 284.6
Area (10°m?) 6.6 16.3 147.5

DIN and DIP were derived from the difference
between total inputs and outputs for each box and
sampling event. Therefore, a positive sign of non-
conservative nutrient fluxes in the system indicates
nutrient originate from the system. In contrast, a
negative sign indicatesthe system actsasasink. ADIP
values for the system were positive with an average
of 0.5and 0.1 mmol m2dfor thewet and dry season,
respectively. However, ADIPvalueswere negativein
Box 2 during May 2001 and Box 3 in December 2000
(-1.8 and -0.1 mmol m?2 d%, respectively).

The system was a net source for DIN in both
the wet and dry season with average values of 3.6
and 1.3 mmol m2d?, respectively. However, inter-
seasonal variation of DDIN values in Box 3 was
large with awide range (-27.2 to 37.7 mmol m2d-
1 during the dry season.

The net daily fluxes of DIN and DIP from the
Bangpakong estuary to the inner Gulf of Thailand
(Fig. 11) in the wet season with an average of 1826
and 141 kmol d! were higher than those valuesin
the dry season (416 and 31 kmol d* for DIN and
DIP fluxes, respectively). The exported nutrients
are important for sustaining high primary produc-
tivity in the Gulf of Thailand (Wattayakorn et al,
2002).

3.4. Net primary production and net nitrogen
production

The estimates of net ecosystem metabolism [p-r]
and net nitrogen production (nfix-denit) are shownin
Table4. Negativevaluesof [p-r] inthesystemindicate
that the Bangpakong estuary is a net heterotrophic
system throughout the year with a 30-fold difference
between the highest and lowest valuesin June 2000 (-
93.6 mmol C m2d?) and in February 2001 (-2.7 mmol
C m2d?), respectively. However, during the dry
season, some boxes showed autotrophic with positive
values of net production in December 2000, January
and May 2001.

Net nitrogen production (nfix-denit) indicated
that the entire estuary is a net denitrifying system
with a value of —3.8 mmol m2 d* during the wet
season and glightly net denitrifying system at arate
of -0.3 mmol m2 d* during the dry season. How-
ever, net nitrogen production of the system varied
temporally with the lowest and highest values of -
7.1 and 1.0 mmol m2d*in June 2000 and January
2001, respectively.

4. Discussion

Table 2. Residual and mixing volume exchange flows between Box 1 and the offshore water. Flushing

times are for the system (whole boxes).

Sampling Resigugl flow M ixigg ;/olume Flushing time
period (10°m*~/day) (10°m~/day) (t; days)
June 2000 49.8 110.9 1.4
August 2000 46.3 63.9 2.6
September 2000 82.6 106.9 15
October 2000 76.3 132.6 1.4
November 2000 14.1 70.7 4.8
December 2000 25 41.8 115
January 2001 0.3 26.2 17.2
February 2001 0.0 5.7 80.0
April 2001 7.4 14.4 20.8
May 2001 9.2 23.2 10.7
M ean 28.9 60.0 15.2

12
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Table 3. Non-conservative inorganic nutrient fluxes (mmol/m?/day) in the Bangpakong Estuary. Wet season values are
averaged from Juneto November 2000 and dry season values were averaged from December 2000 to May 2001.

Area  Jun-00 Aug-00 Sep-00 Oct-00 Nov-00 Dec-00 Jan-01 Feb-01 Apr-01 May-01 Sevggn Sgars)én
Box 1 7.1 2.6 3.7 1.0 3.6 0.3 1.4 0.3 11 1.9 3.5 1.0
ADIN Box 2 - 3.8 3.0 1.8 3.0 13.3 9.9 6.2
Box 3 - -27.2 -1.7 0.3 2.4 37.7 2.3
Thesystem 7.1 2.6 3.7 1.0 3.6 -0.5 13 0.5 2.3 4.0 35 1.6
Box 1 0.9 0.6 0.6 0.2 0.2 0.2 0.1 0.0 0.1 0.3 0.5 0.1
ADIP Box 2 0.1 0.0 0.0 0.1 0.4 -1.2 -01
Box 3 -0.1 0.0 0.0 0.8 0.3 0.2
The System 0.9 0.6 0.6 0.2 0.2 0.1 0.1 0.0 0.2 0.1 0.5 0.1

High temporal variations in the Bangpoakong
river discharge were closely correlated with pre-
cipitation (Fig. 3). Further, the river was assumed
to be dominated by large freshwater input during
the wet season and little or no flow during the dry
season. Variationsin river discharge are one of the
characteristics of wet and dry tropical river sys-
tems (Eyre, 1998; Eyre and Balls, 1999; Hossain
and Eyre, 2002). This characteristic is important
for the delivery of terrestrial materials to the estu-
ary, estuarine hydrology, salinity structure and po-
tential for departing from their conservative mixing
(Eyre and Balls, 1999).

4.1. Salinity distributions

Seasonal variation in flow dynamics in the
Bangpakong River Estuary isdriven principally by

Q=00 Q==0.05 Q=03 Qu=04
@ | 1 |
QreSro=-192 QuiSri=-366
V=127.2 Vi=284.6 —
V=134 S=55 $=233 S=285
—_ — _
1= 53days =3 days
[
Q=11 Qu=T1
Vor=0.9
Tygen=5 days o
) QuiDIPx=18
_ QuiDINos= 9.4
DIPg= 15uM QrDIP=145 ] o QuDIPR=-18
VoDIPS 197 QwoDINg=-159 QuiDINRy= -240
DINo=9 uM DIP=14 uM DIP=08M  f—y
VDING=120.8 ADIP,=14 4DIP=289 | pip-06um
DIN;=13uM DIN;=108uM | DINg=0.4 M
ADIN,= 63 ADIN;=526 |

Qua(DIPerDIP)=-44.1
Q. (DINgz-DINy)=-630

Q(DIP:-DIP)=-6.6
Q«2(DINy-DIN;)=-24

ADIPgsem = 27.5 kmol/day

ADI Ngjsem = 589 kmol/day
Figure 5. An example of calculations for steady state
budgets of; (a) water and salt balance volume in 10° m?,
water fluxesin 10° m®d?, salinity in psu and salt fluxesin 10°
psu md?. The subscript “O” indicates inputs from small
branches and sewagewhereas*“ 0” means offshore water.(b)
non-conservative fluxes of Y(ADIN and ADIP), for
November, 2000. Y _is the average Y between adjacent
boxes. AY andY arein 10°mol d*anduM, respectively.
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river runoff and tidal fluctuation. Under high dis-
charge, salt water isflushed almost completely out
of theriver mouth [Fig. 4(a)] and the estuary strati-
fied with a vertical salinity gradient (~5). Follow-
ing stratification in the wet season, the estuary be-
comes vertically homogeneous estuary in the dry
season because of low discharge and tidal mixing
inthe dry season. Asaresult, the salt intrusion dis-
tance increases along the river estuary channel in
the end of the wet season and the dry season [Figs.
4(b and c)]. Stratifying and de-stratifying largely
varied between the wet and dry season, which is
one of the characteristics of awet and dry tropical
estuary as described by Eyre (1998), but it is un-
usual for temperate estuariesin North Americaand
Western Europe even during extreme discharge
(Balls et al., 1997; Eyre and Balls, 1999; Vieira
and Bordal o, 2000).

In order to classify the degree of stratification,
the estuarine Richardson Number (Ri), which rep-
resentsthe ratio of the gain of potential energy due
to freshwater discharge to the mixing power of tidal
currents (Fisher et al., 1979), was applied:

Ri. = (Aplp)(@V /WU,
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Figure 6. Relationship between salt intrusion distance
(upstream from theriver mouth;0 km) in the Bangpakong
estuary and river discharge at the river mouth. The dis-
tance is positive seaward.
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Table 4. Stoichiometric calculations of aspects of net ecosystem metabolism [p-r] and Net nitrogen production
(nfix-denit) in the Bangpakong Estuary. Wet season values are averaged from June to November 2000 and dry

season valuesfrom December 2000 to May 2001.

(mmol /iday) Area 00 Aug00 Sepr00 Ot-00 Nov-00 Dec00 JanrOl Feb0L Apr-O1  May-Ol se"g] Sg;ym
Box 1 936 631 653 -20 -208 -188 -87 27 83 287 529  -134

[o] Box 2 94 05 02 59  -473 1294 154

Box 3 42 17 18 -850 -338 216

Thesytem 936 631 -653 -20 -196 -148 77 30 -199 -157 527  -122

Box 1 71 69 62 04 25 25 01  -01 02 25 45 410

Nfix-denit Box 2 24 31 19 22 61 295 86
Box 3 250 19 01 -104 326 -09

Thesygem 71 69 62 04 06 27 02 01 07 17 38 -03

where Ap is density difference between river-
ine and offshore water, r is density of the bottom
seawater in the estuary, g is acceleration due to
gravity, V, isriver discharge. W and U, ¢ are es-
tuarine width and the RM S of tidal velocity for the
wet and dry season which is obtained from NRCT-
JSPS (1999). Ri_ expresses the ratio of the input of
freshwater-derived buoyancy per unit width to the
tide’s mixing capabilitiesin aparticular estuary. An
estuary is strongly stratified when Ri_ > 0.8, par-
tially stratified when 0.08 < Ri_ < 0.8, and a well-
mixed system when Ri_<0.08 (Fischer et al., 1979).
From the estuarine Richardson Number coinciding
with longitudinal salinity distribution inthe wet sea-
son, the Bangpakong estuary can be classified asa
partially mixed estuary with a Ri_ ratio at 0.5,
whereas the estuary became a well-mixed estuary
(Ri; =0.02) during the dry season when the salinity
difference between surface and bottom along the
whole estuary was negligible.

A logarithmic regression between the extent of
the salt intrusion length (defined by the upstream
position of salinity > 1) and river discharge at the
river mouth as shown in Fig. 6 indicated the close
relationship (r>=0.97, p<0.001). River discharges
greater than 70x10°m?3d? did not allow salt intru-
sion to form and kept the entire river channel fresh.
Thisanalysis of dataindicatesthat, during low river
discharge in the dry season, tidal straining plays a
critical role in the dynamics of vertical mixing of
the water column.

4.2. Water budget

Water budgets are critical in deriving nutrient
budgets in the box model systems (Gordon et al.,
1996; Hung and Kuo, 2002). Based on salt balance,
percentage differences between mixing volume and
residual flows (Table 2) were higher (84%) in the

14

dry season than those of the wet season (37%).
This indicates that water budgets during low flow
conditions were dominated by mixing flows. There-
fore, variation in mixing volumein the Bangpakong

(@) DIN (uM)
May -

Apr- -

Month

Jan 20014 -

Month

Aug-4 -

1 1
] /___/\_-———r-_zﬁ
Jun 2000 @ 3 B
400 80 60  -40 20 0

-120

Distance from the river month (km)

Figure 7. Spatial and temporal distributionsof (a) DIN and
(b) DIP along the Bangpakong river estuary during the
study period (June 2000 — May 2001). The distance is
positive seaward from the river mouth.
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Estuary was apparently controlled by seasonality
in freshwater input similar to water budgets in the
Chiku lagoon (Hung and Kuo, 2002) and Bandon
Bay (Wattayakorn et al., 2001).

Eyre (1998) suggested that the quantity of nu-
trientsretained in tropical estuarieswas determined
by flushing time. Flushing time of an estuary isone
of the important determinants of terrestrial materi-
als passing from land to the sea and reflects eco-
system processes of an estuary including denitrifi-
cation (Norwicki et al., 1997), nutrient cycling and
retention (Nixon et al., 1996), phytoplankton bloom
development and net production (Nowicki et
al.,1997; Adams and Bate, 1999). Asflushing time
in the Bangpakong estuary has arather wide range
varying between 1.4 and 80 days, it is likely long
enough to cover and locally mask biogeochemical
processes in the estuary (Adams and Bate, 1999).

4.3. Nutrient distributions

Distributions of DIN and DIPin the Bangpakong
River estuary show temporal variations due to
increasing DIN and DIP with values and flow rising
at the beginning of the wet season (e.g. June 2000).
Strong correlations between concentrations of
particulate nutrients and suspended sediment were
reported by Pollution Control Department Thailand
(unpublished data, pers. comm.,). An increase in
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particulate nutrients and suspended particul ate matter
in the beginning of the wet season reflect an effect of
thefirst flush after along the dry season as described
by Eyre and Balls(1999). Soluble materials
accumulated within the catchments through the dry
period were transported to the river water by leaching
and surface runoff with thefirst major rainfallsbegan
at the beginning of the rainy season. Such an effect is
likely to be magnified in tropical catchments subject
tomonsoonal rainfall patterns, in which amarked dry
season provides an extended period for nutrient
accumulation (Lewis, 1986; Eyre and Twigg, 1997,
Mitchell etal., 1997).

Given low concentrations of DIN and DIP from
the middleand lower reaches of the Bangpakong River
estuary during other samplings in the wet season
(August - November 2000), it isreasonableto assume
that nutrient inputs were diluted by the large volume
of river runoff before entering the lower catchments.
The apparent trends of longitudinal increasesin DIN
and DIP concentrations in the middle reach reflect
inputs from downstream sections. This pattern is not
seen in many estuaries (Eyre and Ball 1999), most
likely dueto masking by anthropogenicinputs. Bordalo
et al., (2001) and Szuster (2001) reported that
additional inputs of DIN and DIP in the middle reach
of the Bangpakong river estuary could have originated
from anthropogenic activities in the river basin such
as agriculture, aquaculture, animal husbandry and
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Figure 8. Behaviors of DIP along the salinity gradients of the Bangpakong Estuary () during high flow when the estuary
israpidly flushed in October 2000, DIP passesthrough conservatively, (b, c) aslonger flushing time dueto lower discharge
during the end of the wet season and beginning of the dry season (November, 2000 and December 2000, respectively), DIP
shows an increase in departure from conservative mixing and (d) DIP in February, 2001 shows a large departure from
conservative mixing (dash lines) and large DIP inputs appear in the upper estuary
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Figure 9. The relationship between pH (a) and DIP
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flushing times showing a mixing conservative behavior
when flushing time was short (1.4 day) and physico-
chemical process (pH control and conservative mixing)
when flushing time was longer (5, 17 and 80 days) in the
dry season

domestic waste. Therefore, thisriver estuary receives
large inputs from those activities, which may fuel
biogeochemical processesin the estuary.

4.4. Nutrient behaviors
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Asflushing timesin the Bangpakong Estuary are
variable (Table 1), it can be expected that materials
passing from land to the offshore arelikely to deviate
from conservative mixing. The non-conservative
behaviors of DIN and DIP were evident from their
non-linear distributions against salinity. When rapid
flushes occur, nutrient retention efficiency in the
estuary islow and flushing time in the estuary would
be less than the phytoplankton doubling time. In
addition, low photic depth (0.4-0.7 m) and poor
correlations during the wet season between DIP and
nitrate (r = 0.15) prohibit phytoplankton blooms. This
suggests that removal of DIP from the water column
by biological processesisminor. Therefore, mixing of
DIP in the estuary was conservative during the short
flushing time of about two daysin thewet season [Fig.
8(a)].

Theincreaseinflushingtimesfrom5to 17 days
between the end of the wet season and the beginning
of thedry season, and to 80 days during the dry season
[Figs. 8(b-d)] illustratesan increasein DIP. A departure
from the conservative mixing slope shows an addition
input in the mid to high salinity region and removal of
DIP in the low salinity region. Furthermore in
November 2000, DIP behavior showed combinations
of conservativemixingin low and high salinity regions
and an additional input inthemid salinity region. This
isan evident of intermediate period between the two
contrast seasons.

Adsorption of DIPto suspended particul ate matter,
in particular ferric hydroxides at their subsequence
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Figure 10. Behavior of DIN () and nitrate (0) a ong the salinity gradient of the Bangpakong estuary (a) during high flow
when the estuary israpidly flushed in October 2000, DIN passesthrough conservatively, (b, ¢) aslonger flushing time due
to lower discharge during the end of the wet season and beginning of the dry season (November 2000 and December 2000,
respectively), DIN shows an increase in departure from conservative mixing (dash lines) and (d) in February 2001, DIN
shows alarge departure from conservative mixing which mainly attributed to ammonia.

16



T. Boonphakdee and T. Fujiwara / EnviromentAsia 1 (2008) 7-21

sedimentation, has been suggested to explain low
ambient concentrationsin low salinity regions of sub
andtropica estuaries(Balls, 1994; Eyre, 1994; Ayukai
and Wolanski, 1997; Eyre and Twigg, 1997; Fang,
2000). However, concentrations of total particulate
phosphorus (PCD, pers. comm., 2002) did not related
well with DIP removal, suggesting that adsorption to
suspended sediment was not an important removal
mechanism in the low salinity region. Furthermore,
biological uptakewas of minor significancedueto poor
correlation between DIP and nitrate. Eyre and Twigg
(1997) suggested that removal of DIP from the water
columnin low salinity tropical estuarieswaslikely by
adsorptionto colloidal-sized iron oxides/hydroxideina
low pH environment. This coincides closely with pH
sagsin December 2000 and February 2001 as shown
in Fig. 9 with removal taking place when pH was<7.4
and desorption occurring above pH 7.4. Thissuggests
that pH playsarolein DIPremoval inthe Bangpakong
estuary. Fox (1990) reported that lowering the pH
enhanced removal of estuarine DIP by absorption to
suspended sediments. Eyre (1994) explained pH
control in the estuarine system that the absorption/
desorption processes areregul ated by isoel ectric point
(IEP) of the colloidal oxyhydroxides. Below pH 7.4,
the positive charge on the colloidal sfavors adsorption
of anions such as PO43‘. When the IEP is reached,
the charge becomes negative and anions may be
desorbed which is supported by a seaward increase
indissolved iron andinorganicironin thewater column
and surface sediment along the Bangpakong estuary
in dry season (Bordalo et al., 2001; Parkpoin et al.,
2001). Asdesorptionisadow process(Frodlich, 1988),
it most likely evident under conditionsof long flushing
times during the dry season. However, behavior of
DIP in the high salinity region (>27) of the estuary
where pH > 7.6 was conservative, mixing between
low-DIP offshore water and estuarine water.
Therefore mixing behavior of DIPinthe Bangpakong
River estuary during longer flushing time in the dry
season was associated with physico-chemical process.

In accordance with DIP distributions, DIN
concentrations showed different trends between short
and long flushing times. In general, DIN concentration
in estuaries fluctuates inversely with salinity (Day et
al., 1989) indicating no major changewithin the estuary
(Balls, 1994). This situation was in accord with the
patternin the Bangpakong estuary when flushing time
wasshort [Fig. 10(8)]. However, during longer flushing
times in the dry season, the estuary acts as a source
of DIN [Figs. 10(c) and (d)].

During the dry season when the environment is
more stable, DIN concentrationsinitially increasein
the upper estuary where salinity was ~5 and then
decreased seawards[Fig. 10(c) and (d)] when salinity
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was>10. Theorigin of theadditional DIN inthe upper
estuary was mainly attributed to anthropogenic
activities such as agriculture, aguaculture, animal
husbandry and domestic waste (Szuster 2001; Bordalo
et al., 2001). Additional DIN input in the mid salinity
region where salinity region >17 in November 2000
[Fig. 10 (b)] may haveresulted from nitrification, with
aconcomitant reduction of dissolved oxygen (NRCT-
JSPS, 1999; Bordalo et al., 2001).

DIN inputswereobservedin themiddleand lower
estuary as shown in Fig. 10(d). These inputs were
dominated by ammonium, which may be derived from
external sources, i.e. anthropogenic, or from internal
load such as benthic processes. For the middle estuary,
there was a huge amount of nitrogen (over 75 tons/
day, Boonphakdee, unpublished data) from agricultura
practices, in particular shrimp pondsand animal farms.
The excess ammonium can be easily produced from
mineralization of organic nitrogen (ammonification), a
process consuming oxygen. Thisisconsistent with the
observed low dissolved oxygen (Bordalo et al., 2001)
and long flushing time during the dry season.

Maximum ammonium concentrations in the
lower estuary were found in the river mouth area
where there are extensive mud flats. This reflects
the dominance of benthic regeneration in the lower
estuary. Total particulate nitrogen deposited during
a period of high discharge was then likely to be a
source for ammonification in the sediment. Decom-
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Figure 11. Monthly variations in export fluxes of (a) DIN
and (b) DIPfrom the system to theinner Gulf of Thailand.
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position of total particulate nitrogen in the lower
estuary may also be enhanced by wind-driven
resuspension, which increases the oxidized surface
areaof the particles. Thisobservation highlightsthe
role of episodic inputsasadriving force behind bio-
logical processes along the salinity gradient of tropi-
cal estuaries.

4.5. Nutrient budget

The net quantity of DIN and DIP exported from
the system to the inner Gulf of Thailand varied sea-
sonally with higher quantitiesin the wet season and
extreme values in June 2000 (Fig. 11). Values in
June, 2000 reflect an influence of high discharge
as a consequence of thefirst flush effect occurring
at the beginning of the wet season. Although high
nutrient concentrations were observed in the estu-
ary during the dry season (Fig. 6), the export of
nutrients was low due to low river discharge.
Norwicki et al., (1997) reported that long flushing
time in an estuary enhances the completion of bio-
geochemical processes (i.e. nutrient cycling and
adsorption/floccul ation) to suggest the Bangpakong
estuary plays a dynamic role in nutrient transport
to the Gulf of Thailand.

Positive ADIP values in the estuary reflect DIP
production exceeded its removal from the water
column. During the wet season when flushing times
were short, biological uptake may not develop well as
described previoudly. Inthe dry season, when flushing
timeswere long and photic depth deeper(0.8+0.4 m),
DIP can be removed by biological uptake and
adsorption/desorption to particles (Wattayakorn et al .,
2002). During the dry season when the Bangpakong
estuary has an average ADIP value of 0.1 mmol m?
d*withonly asmall inter-seasonal variation, it appears
to actively recycle DIP with similar rates of
consumption and production ADIP~0.1. However
spatial variations in ADIP values were pronounced
showing negative values in the upper estuary in
December 2000 and middle estuary in and May 2001.
Decomposition of organic matter and adsorption of
DIPduring these periods exceeded production of DIP.

Inter-seasonal variationin ADIPvaluesduring the
wet season, in contrast to the dry season, were more
remarkable with the highest value (0.9 mmol m2 d?)
at the beginning of the wet season (June 2000). This
high valueis aconsequence of thefirst flush effect in
theriver basin and is supported by decreasingin ADIP
values from August to November 2000 with low
riverine concentrations of DIP (Fig.6).

The Bangpakong Estuary is a net source of DIN
to the Guif of Thailand with production exceeding
removal in both season s similarly to ADIP. The first
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flush and long flushing times also influenced ADIN
valuesin the system consistent with the high and low
valuesof ADIN in June 2000 and during the dry season
(Table 3), respectively. ADIN in the upper estuary
during long flushing timefrom December 2000 to April
2001 favored removal with negative averaged value
of —=6.5 mmol m2 d. This represents net respiration
and decomposition of organic matter, with nitrification
of released NH, during the dry season. This is
consistent with high concentrations of DIN (Fig. 6)
from external inputs in the upper and middle estuary
(Box 3 and 2) during thedry season making it agreater
source than thelower estuary wherethereisno major
external source.

4.6. Net primary production of organic matter

The carbon budget in an estuarine system,
converted from the interna reaction flux of DIP, is
assumed to be proportional to production and
consumption of organic matter (Gordon et al., 1996).
The emphasis of this study has been on net primary
production [p-r] rather than on gross production. In
order for [p-r] to be negative, theamount of organic
carbon supplied from outside the system must be
appropriately reduced.

The [p-r] values of the system significantly
(p>0.05) relied on those of the lower estuary be-
cause Box 1 covers ~86 % of the system surface
area and mainly distributed > 90% of the excess
DIP produced by the system during the dry season.
The net heterotrophy in the lower estuary relative
to net autotrophy in the middle estuary during May,
2001 was likely related to the high inputs of DIP
and DIN into the middle estuary. Thisis consistent
with animbal ance between primary production and
respiration along the estuary channel implying that
the Bangpakong estuary is very active in breaking
down organic inputs and exporting most of these as
N and P. The short flushing time and accumulation
of asignificant DIP gradient (p<0.05) between the
lower estuary and offshore water suggest that an
important fraction of the imported organic carbon
(Camacho-lbar et al., 2003) is probably from a
physico-chemical process and sediment detritusin
the shallow mud flats.

[p-r] values of the system vary seasonally from -
53 mmol C m?d*in the wet season to -12 mmol C nr
2d* during the dry season (Table 4), likely resulting
from recycling of organic material within the system
and seasonal variation in terrestrial organic matter
input or supply from marine sources. The relatively
high net heterotrophy during the wet season can be
determined by ahugeinput of terrestrial organic carbon
(Smith and Hollibaugh, 1997).
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The Bangpakong estuary isaheterotrophic system
in according with many other estuaries (Smith and
Hollibaugh 1997; Dupraet al ., 2000; Middelburg and
Nieuwenhuize, 2000 and references therein). They
receive high organic loads due to rapid rates of
respiration and extensive denitrification. Heterotrophy
requires a reduction of accumulated organic carbon
or an external source of organic carbon. We suggest
that major potential sourcesof external organic carbon
delivered to the Bangpakong River Estuary during the
wet season were of terrestrial organic matter. During
the dry season, the major sources of organic matter
are from offshore water coupled with a large input
from anthropogenic activities (Szuster, 2001; Bordalo
et al., 2001).

The Bangpakong Estuary was a net denitrify-
ing system(-3.8 mmol m2 d1) during the wet sea-
son and only slightly (-0.3 mmol m2dt) during the
dry season based on results using from Equation 7.
Spatial and temporal variationsin nfix-denit in each
sub-system were pronounced, particularly during
the dry season. Nitrifying condition and net incre-
ments of ammonia in the middle estuary indicated
an abundance of external DIN input reflecting an-
thropogenic inputs and possibly ammonification in
this zone (Iriarte et al.,1998)

Thedifferencein apparent denitrification among
the sub-systemswas probably related to differences
in lability of the organic matter fueling benthic res-
piration. Denitrification in shallow coastal ecosys-
temsis abenthic process coupled with benthic and
water column nitrification (Camacho-Ibar et al.,
2003). Middelburg et al. (1996) concluded that rate
of benthic denitrification is most sensitiveto the flux
of labile organic carbon arriving at the sediment-
water interface. The high apparent denitrification
rates in the lower estuary especially at the begin-
ning of the wet season (May-June) are probably
favored by the first flush input of labile terrestrial
organic matter whereas sediment respiration at the
lower estuary during the dry season is fuelled by
larger proportions of more refractory terrestrial
detritus than retained in sediment.

5. Conclusion

The Bangpakong River estuary is dominated by
an episodic, short-lived, large freshwater input during
the wet season and little flow during the dry season.
The estuary is classified as a wet and dry tropical
estuary and represents a partially mixed and well-
mixed system in thewet and dry season, respectively.
Distributions of DIN and DIP inthe Bangpakong river
estuary show temporal and spatial variations due to
first flush effect, flushing times and anthropogenic in-
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puts. Mixing behaviorsof DIPand DIN in the estuary
were mainly dominated by conservative mixing dur-
ing the wet season and physico-chemical processes
during the dry season.

Non-conservativefluxesof DIN and DIPindicates
that the Bangpakong estuary isthe source of nutrients
tothe Gulf of Thailand and also avery dynamic system
due to seasonal variability in net export quantities of
DIN and DIP. The system is a net heterotrophic (-
32.5mmol m2d?) representing high organicloadsfrom
external sources, in particular, from terrestrial source
during the wet season and from marine and
anthropogenic activitiesin thedry season. The system
was anet denitrifying (-2.1 mmol mr2 d*) with spatial
and temporal variationsin the middle estuary during
the dry season indi cating anthropogenic inputsand the
system receives large loads of DIN during the wet
season with some may retain in the sediment. The
seasonality of net metabolism in the Bangpakong
estuary is largely controlled by the system-river
interactions.
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