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Comprehensive bimonthly field surveys were carried out from September 2000 to June 2002 to
study the seasonal dynamics and the inter-annual variability of dissolved inorganic nitrogen (DIN;
nitrate, nitrite and ammonium) and dissolved inorganic phosphorus (DIP) in a subtropical mountain
river system, the Danshuei tributary, the largest urbanized estuarine system in Taiwan. The headwa-
ters were found to be well aerated, saturated with oxygen, with low ambient DIN (<9 uM) and DIP

Key M.'mds" (<0.2 pM) concentration. As the river flows through the city of Taipei, the river becomes hypoxic
Eiﬁg;:;s because re-aeration rates cannot keep up with elevated oxygen consumption, and the concentra-
phosphorus tions of DIP (7.53 uM) and DIN (~390 uM) increase drastically. Conservative mixing was mostly
silicon observed for silicate while DIP and DIN mostly showed non-conservative removal characteristics. Sil-

rivers icate originates from weathering and erosion of bedrocks in the watershed, whereas nitrogen- and
estuaries phosphorus-bearing nutrients come mainly from urban discharges. Ammonium is the predominant
Taiwan dissolved nitrogenous species, ranging from 10 to 1000 uM. The nutrient chemistry is complex and
Asia dynamic due to anthropogenic perturbations and reactions in the tidally mixed zone of strong redox
subtropical gradients. On average, the annual loading rates of dissolved phosphate and dissolved inorganic
nitrogen from the Danshuei River to the ocean are 0.1 and 3.2 Gmol/year, respectively, which
represent 0.1% and 0.2% of the world’s total river discharge of dissolved inorganic nitrogen and

phosphate.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Land-ocean interactions in the coastal zone are currently the fo-
cus of regional and global research, to quantify fluxes of materials
from the land to the coastal region and determine the changes
and effects of human usage on the coastal environment (Rabalais,
2002; Dumont et al., 2005; Boyer et al., 2006). Studies have indi-
cated that 1.9% of estimated global sediment discharge is derived
from Taiwan, which covers only 0.024% of the Earth’s sub-aerial
surface (Li, 1976; Griffiths and Glasby, 1985; Milliman et al., 1999;
Dadson et al., 2003). Once known as “Isla Formosa” (Beautiful Is-
land), Taiwan’s progress towards economic growth over the last
half century has brought rapid industrial development and signifi-
cant environmental degradation. Taiwan’s environmental problems
are also caused by population density; nearly 23 million people re-
side on a surface area less than 36,000 km? among the most
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densely populated regions on earth. Moreover, most of the popula-
tion is packed into the 2300 km? of alluvial plain along the west
coast of the island. This area is also home to the major agriculture
and horticulture industries, as well as more than 8 million
manufacturing facilities (EPA, 2006). Changing land use practices,
increased surface water runoff and wastewater disposal have
resulted in major changes in the receiving waters.

The global transport of N and P in rivers has increased greatly as
a result of human activities (Rabalais, 2002; Dumont et al., 2005;
Boyer et al., 2006). After Meybeck (1982), Smith et al. (2003) esti-
mated that the total river-load of dissolved N has increased 6 times
and that of P has increased 9 times over pre-industrial levels. These
increases are not evenly distributed around the world; they are
strongly correlated with the human population in the drainage ba-
sin (Carpenter et al., 1998; Galloway et al., 2004; Green et al., 2004;
Dumont et al., 2005). There are 118 rivers and streams in Taiwan,
and 24 of these surface waters provide 85% of the water usage. Nu-
trient “overloads” are most pronounced in Taiwan, where human
and animal waste products, in addition to those from industry
and agriculture, are mostly directly discharged into rivers and
transported to the coastal ocean, causing numerous pollution
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problems, especially over the last 40 years (Lao and Young, 1995;
WRA, 2001, 2002). Urban communities are also the major culprits,
primarily because of inadequate sanitary sewer systems. Only 10%
of the population is served with sanitary sewers. Even in the capital
city of Taipei, the sewer system was connected to about 59% of
households as of mid-2002. There were no sanitary sewer systems
serving its suburban areas, which drain their wastewaters into the
Danshuei River, the largest tributary estuarine system in the coun-
try (WRA, 2001, 2002; EPA, 2006). Estuarine and coastal ecosys-
tems in Taiwan, like those in other fast developing South Asian
countries, are experiencing accelerated declines in water quality.
This can have a profound impact on the global oceanic nutrient
balance.

Here we report the first extensive systematic study of the largest
estuarine system in Taiwan. In particular, we present and discuss:
(1) the environmental characteristics of the subtropical mountain-
ous river with three orders of magnitude variation in discharge
rate; (2) inter-annual variability of the nutrient concentrations in
river and estuarine waters; and (3) the implications for the contri-
bution to the global biogeochemical cycle of nutrients in the coastal
zone.
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2. Materials and methods
2.1. Study area

The Danshuei River watershed (also know as the Tamsui River)
encompasses 2726 km?, with a maximum length of about 70 km
from the headwaters to the river mouth; it drains mountainous
areas with maximum elevation of 3500 m (WRA, 2002). The river
is shallow (1-15m), with an average annual flow rate of
6600 x 106 m>, and receives freshwater inputs mainly from the
Hsin-Dien Stream (~37%), Dai-Han Stream (~31%) and Keelung
River (~27%); together they form the largest estuarine system in
Taiwan (Fig. 1) (WRA, 2002). The drainage basin includes several re-
gions along the main tributaries where large amounts of nutrients,
resulting from industrial and agricultural activities, enter the river.
The main entry point is the metropolitan area of Taipei, the capital
city of Taiwan, with a total population of 6 million. The upper rea-
ches of the estuarine system, upriver from Guandoo, are within the
Taipei basin. Most of the original mangrove swamps have long dis-
appeared, claimed for urban development during the past 50 years;
only a few patches near the river mouth remain. The regional
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Fig. 1. Map of Danshuei River tributaries showing sampling locations and real-time water quality monitoring station. The city of Taipei is depicted as the shaded area.
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climate is subtropical with the temperature varying between 10
and 35°C and annual precipitation ranging between 1500 and
2500 mm; the dry season ranges from November to April and the
wet season ranges from May to October.

The morphology of the Danshuei Estuary displays different fea-
tures in each segment, molded by natural forces as well as anthro-
pogenic activities exerted upon the paleo-riverbed built ages ago
(Song et al., 2002). In the lower reaches immediately downstream
of Guandoo, the riverbed exhibits a deep-cut cross-section, with
channel depths of 12-15m and a topographical high (<5 m) in
the middle of the riverbed. Further downstream, towards the river
mouth, the average depth is 3 m in the axial region. The river chan-
nel broadens with progressively shallower depths; deposits of sed-
iments divide the river channel, which is flanked by broad, flat
areas of salt marsh and mangrove forest. The lower reaches of the
estuary and the adjacent salt marshes are subject to daily tidal in-
undation. Mountains surround the estuary; therefore, no signifi-
cant wind-induced currents occur within the estuary, except
during storm surges. The major forcing of the flows are astronom-
ical tides and river discharges. The instantaneous water discharge
rate varies greatly over time as a response to episodic events,
such as typhoons, which often bring torrential rains and increase
river flow (Fig. 2). The principal local tidal constituents lean toward
semi-diurnal tides, with form ratios of 0.2 (<0.25), and a mean tidal
range of 2.1 m and a spring tidal range of 3.5 m, leading to a tidal
excursion distance of 10-20 km upriver, depending on the weather
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conditions (WRA, 2001, 2002). Meteorological tides, induced by ty-
phoons or weather fronts, can cause water levels to rise about 2 m
above the astronomical levels during critical conditions, and may
be one of the most important factors in estuarine flushing. The bar-
oclinic flow forced by seawater intrusion is also an important trans-
port mechanism in the Danshuei estuarine system (Liu et al., 2002).

2.2. Sampling program

Comprehensive field sampling expeditions, totaling 14 surveys,
were carried out from September 2000 to June 2002 within the es-
tuary, stations as shown in Fig. 1. The surface water samples were
collected during both tidal conditions (flood and ebb) over the en-
tire salinity range. In general, at least two boats ( ~ 10 ft,) were used
for each survey to optimize temporal and spatial coverage. Vertical
water column profiles were measured with a multi-sensor CTD unit
(SeaBird 911, equipped with dissolved oxygen, and fluorescence
sensors). On all occasions, the sampling stations were evenly
spread and kept in the center of the channel, extending from the es-
tuarine mouth to approximately 25 km upstream where the Dai-
Han stream flows into the Danshuei River channel (Station A3 in
Fig. 1). In October 2001, the field survey was extended from the
middle reaches to the headwaters of the Hsin-Dien, Dai-Han and
Keelung Rivers (Fig. 1). Both filtered and unfiltered samples were
collected using a peristaltic pump system equipped with Teflon
tubing inlets and outlets. For sample collection, the tubing was
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Fig. 2. Time-series plot of (a) wet precipitation in Taipei basin, (b) discharge of Danshuei River. Field expedition and sampling dates are indicated as dark triangles on both hor-

izontal axes.
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Water discharge rate (Q), effective end-member concentration (C*), actual end-member concentration (C°), estimated estuarine export fluxes (Fes;) and the percentages of the
net result of all sources (+) or removal () fluxes (Rjy¢) occurring internally within the estuary of dissolved inorganic nitrogen (DIN = NH4 + NO, + NOs), dissolved inorganic
phosphate (DIP) and dissolved silicate (DSi) in the water column of Danshuei River during different field surveys

Survey date Discharge DIN DIP DSi
3

(Y/M/D) Q (lTl /S) c CO Fest Rint c* CO Fest Rint c CO Fest Rint

(uM)  (uM)  (10°mol/day) (%) (M) (nM) (10°mol/day) (%) (uM)  (uM)  (10°mol/day) (%)
2001/03/16 110 532 485 5.06 +10 274 20.3 0.261 +35 225 172 215 +31
2001/06/01 155 294 268 3.94 +9 8.2 124 0.110 -34 189 206 2.53 -8
2001/06/19 105 229 259 2.07 -12 10.9 18.0 0.099 -39 191 227 1.73 —16
2001/07/18 132 256 205 2.92 +25 5.8 4.61 0.067 +26 160 125 1.82 +28
2001/08/16 95 574 548 4.71 +5 14.0 20.1 0.115 -30 41 278 0.34 -85
2001/10/13 183 253 257 3.97 -2 4.2 5.56 0.065 -26 183 138 2.88 +33
2001/12/26 69 363 484 215 -25 6.9 10.4 0.041 -33 249 264 147 —6
2002/01/24 52 697 660 3.12 +6 19.9 231 0.089 -14 230 222 1.03 +4
2002/03/04 82 736 670 5.24 +5 18.2 29.8 0.130 -39 232 233 1.65 -0.3
2002/04/09 91 605 530 4.78 +14 19.2 28.5 0.152 -33 231 229 1.82 +1
2002/05/07 137 793 693 9.42 +14 254 29.3 0.301 -14 232 261 2.75 -1
2002/06/22 214 451 490 8.33 -8 13.8 17.9 0.255 -23 166 221 3.06 -25

attached to a non-metallic pole and the tubing inlet was oriented
into the current at a depth of about 0.25 m to obtain water un-
touched by the exterior of the sampling apparatus. Prior to sample
collection, the sampling system was flushed for 5-10 min at a flow
rate of approximately 300 ml/min to remove any possible residues
in the tubing from the cleaning process. Unfiltered samples were
drawn directly into acid-cleaned sample bottles. Filtered samples
were obtained by attaching an acid-cleaned polyethylene mem-
brane cartridge (0.45 um; MSI Micron Separations, Westborough,
MA, USA) to the pump outlet and dispensing the water directly
into acid-cleaned sample bottles. Unfiltered waters for chlorophyll-
a measurement were filtered aboard ship through Whatman GF/F
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filters and the filters were kept in an LN tank for further processing
in the laboratory. Clean techniques were used during all stages of
sample collection, transport, handling, processing, and analysis
(Wen et al., 2002, 1999). In the September 2002 survey, in addition
to surface water, mid-depth and near bottom ( ~30 cm above sed-
iment) depth water samples were also collected by an acid-cleaned
Go-Flo bottle (General Oceanics) attached on a PE line. To address
the short-term variations, real-time water-quality monitoring be-
gan at the Guandoo station (TA) in May 2002 and continued
through October 2003 using an in situ multi sensor unit (Hydrolab
DataSonde 4a) for selected physical properties; specific conduc-
tance, pH, water temperature, turbidity, fluorescence, and dissolved
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Fig. 3. Cross section contours of (a) salinity and (b) degree of saturation of dissolved oxygen in the water column during June 22, 2002 survey from the River mouth (Station T7) to the
confluence of Danshuei river and Dai-Han stream (Station A3). Time series plots of continuous monitoring results: (c) salinity and (d) degree of saturation of dissolved oxygen mea-
sured in the river water near the surface at the Guandoo Bridge from June 21 to 22, 2002. It is clear that the low salinity waters during ebb tide had essentially no dissolved oxygen.
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oxygen. The station instruments were serviced and calibrated every
other week. Real-time data typically were recorded at 5-min inter-
vals, stored onsite, and then transmitted to NTU offices every 12—
24 h. Prior to each use, the CTD units (SeaBird 911 and Hydrolab
Datasonde 4a, including all attached sensors) were thoroughly cali-
brated according to the manufacturer’s suggestions.

2.3. Analysis

The analyses performed on the filtered water samples for nutri-
ents were conducted in the shore-based laboratory immediately af-
ter collection as follows: nitrite-nitrogen and nitrate-nitrogen were
analyzed by the modified standard pink azo dye method adapted
for a flow injection analyzer (Grasshoff, 1999); the salt/ionic effect
on Cd column reduction efficiency and subsequent nitrate mea-
surements were monitored and corrected (Ghassemzadeh et al.,
1997; Chung et al., 2001); ammonium-nitrogen by an improved in-
dophenol blue method (Pai et al., 2001); phosphate and silicate by
the modified standard molybdenum blue method with a flow injec-
tion analyzer (Grasshoff, 1999); dissolved oxygen by a colorimetric
method (Pai et al., 1993). The filters for chlorophyll-a measurements
were extracted in 5 ml of 90% HPLC-grade acetone, ultra-sonicated
for 30 s and centrifuged to remove cellular debris. Pigment analysis
was carried out by a modification reverse-phase HPLC method de-
scribed by Mantoura and Llewellyn (1983). Station location and
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analytical results of all parameters are listed in the Supplementary
Appendix.

2.4. Estuarine flux calculations

The estuarine mixing behavior of a constituent is conventionally
interpreted by plotting the concentration of that constituent
against salinity; the mathematical relationships for the mixing
curves were derived (Boyle et al., 1974; Liss, 1976; Officer and Lynch,
1981). A conservative constituent will plot linearly versus salinity in
a one-dimensional, two end-member, steady state system, while
curvilinear correlations signify non-conservative behavior resulting
in net addition or removal. Hence, for a non-conservative constitu-
ent, extrapolation of concentrations at high salinity to zero salinity
yields an “effective” river concentration (C*) that would indicate
the reactivity of a constituent within the estuary, and can be used
to calculate the total flux of the constituent to the ocean. Specifi-
cally, when C* = P (the actual river concentration), the constituent
is behaving conservatively; when C* < C° the constituent is being
removed from the estuary; and when C* > (° the constituent is be-
ing input into the estuary. The fluxes (export loadings) to the ocean
are estimated by multiplying the effective river concentration (C*)
by the total river water flux (Q). The flux of a constituent entering
the estuary from the river is Fyjy = QC°, the flux out is Fsea = QC*,
and the net internal input or removal flux, either by a physical-
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Fig. 4. (a) Spatial variation of dissolved oxygen in surface water of the whole watershed survey during October 2001 (the shaded area is depicted as Taipei metropolitan limits); and
seasonal variations and correlation with salinity in Danshuei Estuary during (b) August 2001 survey, wet season with local torrential rains, (c) December 2001 survey, start of dry
season, (d) June 2002 survey, end of dry season that year (1, waters collected during flood tide; (4 waters collected during ebb tide; o,waters collected at Keelung River).
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chemical process (change of redox potential or aggregation) or
biological activity is not specified, is given by the difference:
Fint = Q(C* — CO). In this study, to reduce the end-member varia-
tions, simplified into a single box model and improve the estima-
tion of the effective concentration (C*), we used only those
results for water collected from the lower part of the estuary, at
the convergent point of the Keelung and Danshuei Rivers to the
estuary mouth, and the river/tidal flows were continuously moni-
tored and measured. The model simulation mixing line and effec-
tive concentration are shown in Figs. 6-8. Since our river data
were collected at bi-monthly intervals, we could not resolve the
periodicity of any shorter-term source variations that may be
superimposed on the yearly cycle. And the “actual river concentra-
tion” ° was derived by the mixing variable using river end-
member concentration (CX and €P) and river water flux (Q* and
QP) from the Keelung and Danshuei Rivers in each case
[® = A(RY/R) + CP(RP/R)]. A summary of the modeling results for
nutrients in different sampling periods is given in Table 1.

3. Results
3.1. Salinity characteristic and distribution of the hypoxic zone

On May 22 2002 survey results indicated (as also found at other
times) a seawater front traveling upstream (during a flood tide),

nearly reaching where the Dai-Han stream converges into the
main channel of the Danshuei River, which can be identified on
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the basis of its salinity characteristics (Fig. 3a). Clear and oxygen
saturated seawater mixes twice a day with murky anoxic river wa-
ters, as the seawater front travels upstream (during flood tides),
whereby a layer of fresh but low oxygen water ends up sitting on
top of the salt water (Fig. 3c). Recorded by the real-time water qual-
ity monitoring unit situated near Guandoo at the same time, the in-
cursion of the saltwater front or the down flow of hypoxic fresh
water has a 6-h time interval (Fig. 3b,d).

To further address the de-oxygenation conditions in the Dan-
shuei tributaries, the field survey was extended to upstream of
the Hsin-Dian stream, the Dai-Han stream and the Keelung River
during October 13-17, 2001 (stations shown in Fig. 1). Results indi-
cate that the headwaters of all three tributary streams were well
aerated, and the dissolved oxygen concentrations were high and
saturated, as the river flowed through the city of Taipei (shaded
area in Fig. 4a), the oxygen concentration drops produced a typical
sag curve of dissolved oxygen, as shown in Fig. 4a. While the
Dai-Han stream had the highest oxygen concentrations, which
counteracted the effects of the deoxygenated waters from the
Hsin-Dian stream, the oxygen concentration in surface waters of
the Keelung River dropped rapidly even before flowing into Taipei.
The distributions of dissolved oxygen as a function of salinity in
surface waters further detailed the hypoxic nature and strong tidal
mixing behavior in the water column of the estuarine region, pro-
ducing distinct distribution patterns in different seasons (Fig. 4).
With torrential rains and large freshwater inputs, the oxygen con-
centration remained high (Fig. 4b), while with very low freshwater
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Fig. 5. Spatial distribution of (a) dissolved phosphate, (b) dissolved ammonium, (c) dissolved nitrite, and (d) dissolved nitrate, in surface water from the river mouth (Station T7) to
headwaters in whole watershed survey during October 2001. The shaded area is depicted as Taipei metropolitan limits.
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input, the water column remained consistently hypoxic (Fig. 4c,d).
Nevertheless, the surface waters at the river mouth were mostly
oxygen saturated; no hypoxic situations were found during any
of the surveys.

3.2. Spatial variations of dissolved inorganic phosphate and
nitrogen

During the whole Danshuei watershed survey conducted in
October 2001, results showed that the concentration of dissolved
phosphate in surface water ranged between 0.01 and 7.5 uM in
the whole Danshuei watershed, low ambient concentrations were
observed for the headwaters of Hsin-Dian stream (~0.01 uM)
and Keelung River (~0.2 uM), with slightly higher values shown
in the Dai-Han stream (~0.4 uM) (Fig. 5a). As the rivers flowed
through the metropolitan area of Taipei (shaded area in Fig. 5), con-
centrations of DIP increase drastically. On the way to the sea, the
concentration of reactive phosphate continually decreases due to
dilution with seawater. For dissolved inorganic nitrogen, ranging
between 5.5 and 390 pM, similar distribution trends were also ob-
served for all nitrogen species (Fig. 5b—d). No nitrite and ammo-
nium were measurable in the headwaters, but there was
a considerable quantity of nitrate, especially in the Dai-Han stream,
with headwater concentrations reaching 33 uM. Concentrations of
ammonium, the predominant dissolved nitrogenous species found
within the river water of the city of Taipei, were extremely high
(~350 uM), almost reaching toxic levels for aquatic organisms.
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Much higher concentrations of nitrite and nitrate were observed
in Keelung River waters, and maximum concentrations for both
analytes were found just before the river enters the city realm.
Even though a natural pattern of nutrient concentrations may be
present, the signal is swamped by anthropogenic sources of phos-
phorus and nitrogen species.

3.3. Temporal variations and correlation with salinity

At different times, dissolved silicate concentrations in the sur-
face waters of the Danshuei Estuary ranged from 2 to 300 uM
(Fig. 6 and Supplementary Appendix), and often exhibited a behav-
ior indicating linear dilution of freshwater by seawater during dry
seasons (Fig. 6b,c, and others not shown), although the riverine
concentrations can show considerable variability (i.e., ~20%,
Supplementary Appendix). During wet seasons, as shown in
Fig. 6a and d, non-linear correlations with salinity were observed
frequently, and especially displayed a significant net removal fea-
ture during August 2001 (Fig. 6a).

In the Danshuei Estuary, the dissolved phosphate concentration
ranged from 0.1 to 35 uM (Fig. 7). In general, distributions of dis-
solved phosphate were characterized by greater variability than
those of silicate. At higher flow rates in wet seasons, phosphate
concentrations were lower, and conversely, at lower river flow rates
during the dry season, nutrient concentrations were higher
(Supplementary Appendix). Dissolved phosphate usually showed
non-conservative removal features with that of salinity (Fig. 7).
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Fig. 6. Correlations of silicate (uM) and salinity in surface water of Danshuei Estuary at various sampling times: (a) August 2001 survey, wet season with local torrential rains; (b)
December 2001 survey, start of dry season; (c) March 2002 survey, mid dry season; (d) June 2002 survey, end of dry season that year. Model employed mixing line (dashed line) and
effective end-member (C*) are also indicated. (®1, waters collected during flood tide; [d, waters collected during ebb tide; o, waters collected at Keelung River).
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Fig. 7. Dissolved phosphate and salinity relationships found in the Danshuei River Estuary during different seasons. Model employed mixing line (dashed line) and effective end-
member (C*) are also indicated. (®1, waters collected during flood tide; (4, waters collected during ebb tide; o, waters collected at Keelung River).

However, distinctive variations in riverine concentrations of the
Keelung River further complicate the steady-state interpretation.
In most cases, the Keelung River bears a much lower (20-40%) con-
tent of phosphates.

For dissolved inorganic nitrogen, except on July 18, 2001 and
October 13, 2001, the predominant (>99%) species in the waters
of the whole estuary was ammonium, which behaved quasi-conser-
vatively with concentrations ranging from 10 to 1000 uM (Fig. 8).
Nitrate and nitrite distribution over the salt gradient were non-
conservative in all surveys, with convex curvature which mostly
appeared with salinities of >20%. Nitrite and nitrate became
more abundant during low river flow conditions, as distinctive
differences in riverine concentrations of the Keelung River were
also most pronounced. Conversely, under higher river flow condi-
tions, substantial amounts were found in the inflows of the end-
members (Fig. 8).

These distribution and mixing behaviors of surface water
were also evident for the whole water column throughout the
estuary, where similar results were found for sample water
collected at different depths on September 25, 2002 (Supplemen-
tary Appendix). To address the possible effluent inputs from the
water treatment facilities, on one occasion (June 19, 2001), the
dissolved inorganic nitrogen and phosphate concentrations
were also measured in the effluents of the major water treatment
plant in Taipei (Fig. 1), nitrite and nitrate concentration were both
below 0.2 uM, ammonium was found to be 1718 + 60 uM and

phosphate
Appendix).

to be 43 +£1uM, respectively (Supplementary

4. Discussion
4.1. Seasonal variations and anthropogenic impacts

Based on two dimensionless parameters (stratification and cir-
culation), the Danshuei Estuary is often presented as a partially
mixed salt structure, and is classified as type 2 according to the
stratification circulation diagram of Hansen and Rattray (1966).
The estuarine processes are influenced strongly by freshwater in-
puts and tides. In most cases, waters upstream from Guandoo
were mostly anoxic. The hypoxic character of the Danshuei Estuary
is determined primarily by the magnitude and duration of tidal in-
flows from coastal seawater. The anoxic water column oscillates up
and down stream under changing tidal conditions, forming a highly
active geochemical redox reactor, resulting in a transition zone
from anoxia to sub-oxia in the water column changing every 6 h.
Such changes had major impacts on water quality in the study
area which were also found in other regions (e.g., Glibert et al.,
1995; Tallaksen et al., 1997; Carpenter et al., 1998; Howarth et al.,
2002; Smith et al., 2003). Apart from the upper reaches of the river
system, we observed exceptionally high nutrient concentrations in
surface and also sub-pycnocline waters, as anoxia persisted in the
water column, density stratification and tidal currents produced
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Fig. 8. Correlation of dissolved inorganic nitrogen (nitrate, nitrite, ammonium) and salinity found in the Danshuei River Estuary. Model employed mixing line (dashed line) and
effective end-member (C*) are also indicated. (#1, waters collected during flood tide; [4, waters collected during ebb tide; o, waters collected at Keelung River).

elaborate and complex patterns of nutrient distributions, exhibit-
ing, at times, both conservative and non-conservative behavior
(Fig. 6-8). The distribution of nutrients in sub-pycnocline waters
was also comparable to that of surface waters (Supplementary
Appendix), implying little net regeneration below the pycnocline.

Silicic acid does not have an anthropogenic source, and thus, can
serve as an indicator of natural processes. Most of the silicic acid en-
tering the estuary from the Danshuei River was transported to the
sea. The silica-salinity relationship did not change as a function of
tidal conditions. On one occasion (August 16, 2001), a significant
net removal of silica by plankton production as indicated by signif-
icantly higher concentrations of chlorophyll-a (5-100 pg/l) at the
time (Li et al., 2002; Supplementary Appendix). Overall, it is likely
that little of the total silica flux is retained in the sediments of the
estuary, a geochemical behavior which is different from other N-
and P-enriched estuaries (i.e., D’Elia et al., 1983; Froelich et al.,
1984; Berner and Berner, 1996).

Early studies had indicated that only about 10% of the naturally
weathered phosphorus carried by rivers is potentially available to
marine biota, as in orthophosphate. Since the solubility product
of apatite is only about 1078 at a seawater pH of 8.0, the phospho-
rus concentration in equilibrium with apatite would only be about
108 M (Stumm and Morgan, 1996). In the Danshuei Estuary,
pH 7-8, dissolved phosphate concentration is in excess of that in
equilibrium with respect to apatite; in fact, its concentration ranged
from 0.1 to 35 uM (Fig. 7), which places it at the upper end of con-
centrations in world rivers (Carpenter et al., 1998; Howarth et al,,
2002; Smith et al., 2003). Concentrations of DIN in the Danshuei

River and its tributaries were much higher than the world average
(Boyer et al., 2006), i.e. 400-1000 uM nitrogen, with mostly ammo-
nium over the entire salt gradient in all surveys, with considerable
influence on nitrate and nitrite distributions (Fig. 8). The outflow of
effluents ( ~ 80 tons/day) into the upper Danshuei River had signif-
icantly elevated the concentration of dissolved ammonium from
around 160 pM to 499 pM, and the concentration of dissolved phos-
phate from 4.5 uM to 16.3 uM in the receiving river water. These
findings were similar to the well-documented example of the Hud-
son River. In the 1980s, the Hudson River Estuary received a daily
sewage input of 1.6 x 10° kg nitrogen into the estuary, which led
to a total inorganic nitrogen concentration in the water of about
60 uM (Malone, 1982, 1984), and resulted in major changes in the
ecosystem.

4.2. Nutrient fluxes and export loadings

On average, most of the dissolved inorganic nitrogenous species
carried in river waters were transported out to the coastal ocean,
and ~25% of dissolved phosphates were removed and sink in the
estuary. As for silicate, large variations were found at different sam-
pling dates; a large sink was observed during August 2001, possibly
via biological uptake, since extremely high concentrations of
chlorophyll-a (4-100 pg/l) in the water column with evidence of di-
atom blooms were found (Supplementary Appendix). Although the
river flux varied greatly between the different survey times, the nu-
trient exporting fluxes were within the same order of magnitude
for each of the dissolved nutrients. This indicates that the main
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Table 2
Comparison of average annual dissolved nutrient export loadings of Danshuei Estu-
ary to that of several of the world’s major rivers

River system  Drainage area  Water discharge  Nitrogen Phosphorus
(10 km?) (km?>/year) (Gmol/year)  (Gmol/year)

Danshuei 0.0027 6.6 1.7-3.2 0.05-0.1

Mississippi 3.27¢ 580°¢ 120 3.2

Changjiang 1.94¢ 900 44.7¢ 0.53¢

Huanhe 0.77¢ 59¢ 5.1¢ 0.02¢

Pearl 0.45¢ 315 ¢ 284 0.3¢

World rivers 35,000° 1350° 74>

2 Data as in total dissolved inorganic nitrogen (DIN) from Smith et al. (2003).

b Data as in dissolved ortho-P from Smith et al. (2003).

¢ Data from Chang (1996).

d Data from Cai et al. (2004).

€ Water discharge and drainage area from Milliman and Meade (1983) and Milli-
man and Syvitski (1992).

sources were input on a constant basis and not really affected by the
natural weathering or erosion processes, leading to a conclusion of
urban sewage runoffs. Compared to some major rivers in Asia
(Changjian and Huanghe), North America (Mississippi), and the
similar subtropical estuary in Asia (Pearl), the Danshuei River sys-
tem, despite its much smaller drainage basins and reduced water
discharge rates, introduces comparable amounts of DIN and DIP
into the global ocean (Table 2). On average, applying the annual wa-
ter discharge rate (~6600 x 10% m3/year) to the average of effec-
tive river end-member concentration (C*), the annual loading
rates of dissolved phosphate and dissolved inorganic nitrogen
from the Danshuei River into the ocean are 0.1 and 3.2 Gmol/year,
respectively, representing 0.1% and 0.2% of the dissolved inorganic
nitrogen and phosphate discharged by all the river systems in the
world today (Smith et al.,, 2003). However, since the annual water
discharge rate is heavily influenced by episodic events (i.e. ty-
phoons), such conventional estimations of nutrient flux may be bi-
ased. Hence, if we apply only the average of nutrient fluxes
computed from our survey results, the annual loading rate of dis-
solved phosphate and dissolved inorganic nitrogen would be re-
duced to 0.05 and 1.7 Gmol/year, respectively (Table 2). As the
outflow of effluents from the major water treatment plant in Taipei
was found to introduce 50,166 mol/year of DIN and 1256 mol/year,
respectively, this would indicate most of the nutrient pollution
(>90%) would come from non-point sources. The DIN:DIP loading
ratio that we derive (32:1) is much higher that the ratio (18:1)
reported by Meybeck (1982) and Smith et al. (2003). These results
were consistent with the hypothesis and observations that DIN ex-
ports constitute the majority of dissolved N export from regions
with heavy human influence (Vitousek et al., 1997; Howarth
et al., 2002; Fulweiler and Nixon, 2005).

The average annual loading rates of dissolved phosphate and
dissolved inorganic nitrogen from the Danshuei River represent
0.05-0.11% and 0.1-0.2% of the world’s total river discharge of dis-
solved inorganic nitrogen and phosphate, and yet are derived from
only 0.024% of the Earth’s sub-aerial surface. These excessive load-
ings would have profound impacts on the nutrient loading on the
shelf and consequent regional problems with potentially large
economic impacts.
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