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Abstract The longitudinal variations in the nitro-
gen (6"°N) and oxygen (9'®0) isotopic compositions
of nitrate (NO3™), the carbon isotopic composition
(6"3C) of dissolved inorganic carbon (DIC) and the
6'3C and 0N of particulate organic matter were
determined in two Southeast Asian rivers contrasting
in the watershed geology and land use to understand
internal nitrogen cycling processes. The 515NN03
became higher longitudinally in the freshwater reach
of both rivers. The 51801\103 also increased longitu-
dinally in the river with a relatively steeper longitu-
dinal gradient and a less cultivated watershed, while
the 51801\103 gradually decreased in the other river. A
simple model for the 6" Nyo, and the 51801\103 that
accounts for simultaneous input and removal of
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NO;~ suggested that the dynamics of NO;™ in the
former river were controlled by the internal produc-
tion by nitrification and the removal by denitrifica-
tion, whereas that in the latter river was significantly
affected by the anthropogenic NO;~ loading in
addition to the denitrification and/or assimilation. In
the freshwater-brackish transition zone, heterotrophic
activities in the river water were apparently elevated
as indicated by minimal dissolved oxygen, minimal
6"*Cpic and maximal pCO,. The §'°N of suspended
particulate nitrogen (PN) varied in parallel to the
0" Nno, there, suggesting that the biochemical recy-
cling processes (remineralization of PN coupled
to nitrification, and assimilation of NO3;™-N back to
PN) played dominant roles in the instream nitrogen
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transformation. In the brackish zone of both rivers,
the éSlSNNO3 displayed a declining trend while the
(51801\103 increased sharply. The redox cycling of
NO; /NO, ™ and/or deposition of atmospheric nitro-
gen oxides may have been the major controlling
factor for the estuarine 515NN03 and 5180N03, how-
ever, the exact mechanism behind the observed trends
is currently unresolved.

Keywords Anthropogenic nitrogen loading -
Denitrification - Estuary - Nitrate -
Nitrification - Tropical river

Introduction

Transport of terrestrial nitrogen through rivers and
estuaries is one of the major links between terrestrial
and marine nitrogen cycles and exerts a strong
influence on the development, productivity and
biodiversity of the coastal marine ecosystems. Since
the tropical surface ocean is usually depleted of
inorganic nutrients, especially dissolved inorganic
nitrogen (DIN), river-borne nutrient input is the
major external source of nitrogen and constrains the
metabolic activities of tropical coastal communities.
A moderate loading of DIN by river discharge would
enhance both the productivity and the biodiversity of
coastal ocean. However, increasing population, agri-
cultural advancement and urbanization in coastal
areas especially in Southeast Asian countries have
resulted in increasing nitrogen loading from water-
sheds to rivers and significant nitrate pollution in
lower-reach rivers, estuaries and groundwaters in
recent years (Seitzinger and Kroeze 1998; Jennerjahn
et al. 2004; Umezawa et al. 2008). Excess DIN
loading by rivers and groundwaters to the coastal
ocean causes the deterioration of coastal ecosystems,
particularly benthos-dominated ones such as coral
reefs and seagrass beds (Lapointe et al. 2004). It has
been well recognized that, as external DIN loading
increases, these benthic communities that are adapted
to low-nutrient tropical oceans are gradually replaced
by macroalga-dominated communities that are more
adaptive to eutrophic waters, although the exact
mechanism behind this replacement is still contro-
versial (McCook et al. 2001). Eutrophication stimu-
lates microalgal productivity, and the shading effect
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by dense phytoplankton and epiphytic algal popula-
tion restricts productivity of seagrasses and herma-
typic corals (Lapointe and Clark 1992). In deeper
bays and gulfs, the enhanced primary production as
well as the increased organic loading by the terrestrial
runoff accelerates the oxygen consumption in the
stratified bottom waters and sometimes results in the
formation of the hypoxia and the anoxia, often called
“coastal dead zone” (Diaz and Rosenberg 2008).
Elevated phytoplankton production also causes com-
plex responses of ecosystems, such as the enhance-
ment of larval survival of the coral-eating
echinoderm Acanthaster planci, which in turn accel-
erates the decline of reef corals by its grazing activity
(Bell 1992; Brodie et al. 2005). Therefore, control
and regulation of terrestrial nitrogen loading by river
and groundwater discharge is an urgent demand for
the protection, restoration and effective management
of tropical coastal natural resources.

Terrestrial nitrogen is transported by rivers and
groundwaters principally in the form of nitrate
(NO37). The concentration and the flux of NO3™ in
a given river or aquifer depend on hydrology,
geology, vegetation and human land use in the
watershed, and are specifically constrained by nitro-
gen influxes to the watershed through natural nitrogen
fixation, atmospheric deposition and anthropogenic
nitrogen loading, which have traditionally been esti-
mated by load-factor calculations for potential point
and non-point sources. However, NO;™ is not simply
externally loaded to and transported by river waters,
but also continually turned over within the river
channel by internal biogeochemical processes such as
assimilation, remineralization, nitrification and deni-
trification (Mulholland 1992; Bernhardt et al. 2003;
Sebilo et al. 2003). These processes are potentially of
pivotal importance in determining the actual dis-
charge rates of NO3~ through rivers to coastal seas.
To evaluate quantitatively the influences of these
internal processes, simple monitoring of the NO;™
concentration and the river discharge is not sufficient,
but direct and extensive measurements of specific
metabolic activities in river waters and riverbeds are
required. However, such measurements are usually
expensive, laborious and time-consuming. Conse-
quently, reliable estimation has often been lacking
especially for tropical rivers. The lack of such
information has restricted the potential to accurately
predict responses of river and coastal marine



Biogeochemistry (2009) 95:243-260

245

environments to increasing human activities and
global climate change, particularly in tropical regions.

During the last decade, the stable nitrogen (5'°N)
and oxygen (5'®0) isotopic signatures of NO;~ have
increasingly been used for scaling internal biochemical
processes responsible for NO; ™~ turnover in rivers and
groundwaters (Kendall et al. 2007). These signatures
vary sensitively in response to the internal removal
processes of NO3~ such as assimilatory reduction by
aquatic plants and bacteria and dissimilatory reduction
including denitrification (Fig. 1). The degree of vari-
ation depends on specific processes. Furthermore,
since NO; ™~ of different origins often exhibits much
different 5'°N and 6'®0 signatures, these signatures of
river-water NO3 ™~ can be used to trace the sources of
NO;™ and estimate the relative strength of each source
(Fig. 1). Previously, the measurement of o Nno, and
51801\103 required very laborious and time-consuming
preparation processes and relatively large volume of
samples. Particularly, the (31801\103 measurement of
saline water samples was virtually impossible. How-
ever, recent development of the denitrifier method by
Sigman et al. (2001) and Casciotti et al. (2002) has
enabled the determination of the 6'°N and 6'®0 of
NO;™ in natural water samples including seawater
simultaneously with sufficient accuracy and precision
and with a high throughput. This method also requires
relatively small amounts (<10 ml) of samples, which
especially facilitates extensive monitoring and synop-
tic observation in distant survey sites such as tropical
rivers. However, the combined use of ob Nyo, and
51801\103 for the study of river nitrogen dynamics has
been mostly confined to date within applications to
temperate rivers (Sebilo et al. 2006; Kendall et al.
2007; Ruehl et al. 2007).

In the present study, the influences of internal
turnover processes on the dynamics of NO; ™ in two
tropical rivers was investigated by observing the
longitudinal variations of 3'*Nyo, and §'*Oxo, from
the upper reach down to the estuary. A simple model
that relates 6'°Nyo, and 8'®Oyo, to the turnover
processes of NO3~ was devised and used to infer the
dominant removal processes and the major sources of
NO; ™. To compare the functioning of the instream
metabolic processes in the nitrogen cycle to that in
the carbon cycle, the longitudinal variations in the
carbon isotope ratio (513C) of dissolved inorganic
carbon (DIC) and the 6'°C and 6'°N of suspended
particulate organic matter were also investigated.

Study sites

The survey took place in two rivers, the Khura River
on 13 and 15 Dec. 2006 and the Trang River on 18 and
21 Dec. 2006, both draining peninsular Thailand to the
Andaman Sea (Fig. 2). The river-path length from the
most upstream sampling station to the river mouth
station was 31.5 and 204 km for the Khura and Trang
Rivers, respectively, and between these end points,
additional 19 and 24 sampling points were set,
respectively. The river mouth station of the Khura
River was located at 9°14.80'N 98°19.88'E, and that of
the Trang River at 7°13.54'N 99°24.51'E. The Khura
River drains predominantly granitic basin, while the
watershed geology of the Trang River is dominated by
granite bedrocks in the upper reach and sedimentary
rocks including limestone and calcareous shale in the
middle to lower reach (Department of Mineral
Resources of Thailand; www.dmr.go.th/  DMR_eng/).
Human population density of the Phangnga district
that includes the Khura River watershed is 56 inhab-
itants km ™2, while that of the Trang River watershed is
146 inhabitants km 2. December was just the onset of
the dry season and the precipitation was low (ca. 60
and 110 mm month™' in the Phangnga and Trang
districts, respectively). However, the river discharge
was still high due to the precipitation during the pre-
ceding rainy season, especially in the Trang River
where the rainy season ends somewhat later than
around the Khura River.

Unfortunately, we have no hydrological data for
these rivers during the study period. In the Trang
River, water discharge had been monitored during
19661984 at a gauging station ca. 90 km upstream
of the river mouth station. The average discharge rate
in December of the most recent 5 years (1980-84)
was 98.5 + 65.8 m® s~ (mean £ SD; Vorosmarty
et al. 1996), which was approximately 15 times
higher than the discharge under the baseflow condi-
tions in March (late dry season). The watershed area
at this gauging station is ca. 1,800 km? while the
watershed area of the Khura River is much smaller,
around 190 km? including tributaries. The annual
precipitation around the Khura River (measured in
1997-2002 at Ranong city, nearby the watershed)
ranged 3,800-5,300 mm year ', which is approxi-
mately twice of that in the Trang River watershed
(1,600-3,400 mm yearfl, measured at Nakhon Si
Thammarat near the upper reach and Trang city along

@ Springer


http://www.dmr.go.th/DMR_eng/

246

Biogeochemistry (2009) 95:243-260

External processes
Fertilizer,
sewage, efc.

< I
‘. P
,* Denitrifi-

,/ cation

Soil Atmospheric
nitrification  deposition

A
Assimilation *,

Fertizer, ffor'fo
S8wags, elc.

Light Dark

t ... Low-& High-&

Fig. 1 A model case of longitudinal changes in the d'°N and
the 0'80 of stream-water NO; ™. Stream-water NO3~ is a
mixture of NO3;~ from different sources including atmospheric
deposition, anthropogenic N loading (fertilizer, sewage, etc.),
and instream nitrification. Remineralization of organic N and
nitrification fractionate against '°N to generate NO5; ™~ with low
SN, while instream denitrification and assimilative reduction
also cause an elevation of 3'°N of stream-water NO3~ by their
respective isotope fractionation effects. On the other hand, both
the instream nitrification and the external anthropogenic

Fig. 2 Study sites, the
Khura River (left) and the
Trang River (right). Open
circles indicate the location
of sampling points. Major
towns along the rivers are
indicated by double circles
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sources supply relatively '®0-depleted NO;™ to the stream
water, while the denitrification and the assimilation result in an
elevation in the §'80 of NO;~ left in the stream water.
Atmospherically deposited NO;~ that has typically high §'%0
may affect 6'%0 of upstream NO;~. Dashed lines with arrows
indicate reactions accompanied with isotope fractionation. See
Discussion for details and reference materials for typical 6'°N
and 6'®0 values for each source and the magnitudes of
fractionation with the reactions

the lower reach in 1997-2002; GAME-T2 Data
Center; hydro.iis.u-tokyo.ac.jp/GAME-T/GAIN-T/).
Thus, the freshwater discharge through the Khura
River to the sea should be several times smaller than
the discharge at the gauging station of the Trang River.
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Experimental

Surface river water at the upper 11 and 12 stations of
the Khura and Trang Rivers, respectively, was
sampled using a bucket from bridges or by walking
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into the stream, serially from upstream downwards.
River water sampling at the downstream stations was
conducted similarly 2 or 3 days later using a boat.
Each sampling point was located using the Global
Positioning System. Water temperature, pH, dis-
solved oxygen (O,) concentration, conductivity and
turbidity were recorded by a portable water quality
probe (WQC-22A, TOA) directly dipped in the
stream. Water samples for dissolved nutrients and
chloride (30 ml polypropylene (PP) bottle), 6'°N and
0'80 of NO;~ (another 30 ml PP bottle), DIC
concentration (20 ml screw-capped glass vial) and
513CDIC (30 ml glass vial with a butyl-rubber septum)
were immediately filtered through syringe filters
(ADVANTEC, cellulose-acetate membrane, 0.8 um
pore size). Sample bottles for DIC and 3"3Cpic were
capped without air bubbles inside. Water samples for
chlorophyll a and particulate matter were stored
temporarily in 2-L PP bottles. All the samples were
transported to the laboratory on ice for further
processing. Conductivity and pH of the water
remaining in the bucket after subsampling were
measured again and compared with the values
obtained by inserting the sensor directly to the river.
The two values did not differ significantly.

In the laboratory, the water samples in the 30 ml
PP bottles were frozen in a freezer (—20°C) imme-
diately. The samples for DIC and 6"7Cpjc were
amended with saturated HgCl, solution to a final
concentration of 0.01% (w/v), sealed again with-
out air bubbles inside, and stored at room temper-
ature. From the 2-L PP bottles, 100 ml was filtered
through precombusted (450°C, 3 h) glassfiber filters
(Whatman GF/F, 25 mm diameter), and the filters
were soaked separately in N,N-dimethylformamide
(DMF, 6 ml) in PP tubes and stored in the dark at
—20°C for later analysis of chlorophyll a. Another
200-1,500 ml water samples were filtered through
precombusted glassfiber filters (Whatman GF/F,
47 mm), and the filters were wrapped individually
with aluminum foils and stored at —20°C until later
analysis of particulate organic carbon (POC), partic-
ulate nitrogen (PN) and their stable isotopic
compositions.

Dissolved inorganic nitrogen (DIN: NH,", NO,~
and NOj3; ) was determined by an autoanalyzer
(BLAN + LUEBBE, AACS-III). Chloride was mea-
sured for the same samples as nutrients using a

salinometer (SAT-2A, TOA) and crosschecked with
the salinity data obtained by the in situ conductivity
measurements.

The 6'°N and 6'®0 of NO;~ were determined by
the denitrifier method (Sigman et al. 2001; Casciotti
et al. 2002) using an isotope-ratio-monitoring mass
spectrometer (IRMS) combined with purge-and-trap
and prefocusing apparatus (ThermoFisher, Gas-
Bench/PreCon/Delta plus XP). This analysis was
executed only for the samples containing >1.0 umol
NO;~ L™'. The measurements were calibrated
against three different reference material with distinct
isotope compositions (Bohlke et al. 2003). When the
NO, /(NO,™ + NO37) ratio of the samples
exceeded 0.05, NO,~ was removed by reaction with
ascorbic acid prior to the incubation (Granger et al.
2006).

DIC was measured by a TOC analyzer (Shimadzu,
TOC-5000A). 0"*Cpyc was determined by the head-
space-equilibration method using a gas chromato-
graph-IRMS  system (ThermoFisher, GC-6890/
Combustion III/DELTA plus XP; Miyajima et al.
1995). pCO, in estuarine waters was estimated by
equilibrium calculations as follows. Dissolved CO,
concentration (CO,(aq)*) was estimated from the
concentration of DIC and pH using the dissociation
constants of dissolved carbonate system (Millero
et al. 2006) that depend on the water temperature and
the salinity. Then, pCO, was calculated by dividing
CO,(aq)* by the solubility coefficient of gaseous CO,
(Weiss 1974) that also depends on the water temper-
ature and the salinity.

Chlorophyll a concentration in DMF in which the
filter samples were soaked was measured fluoromet-
rically (Turner Designs, 10AU). POC, PN and their
isotopic compositions were determined using an
IRMS combined with an elemental analyzer (Ther-
moFisher, FLASH EA/Conflo III/DELTA plus XP)
for the 47 mm filter samples after the HCI-fuming
pretreatment (Sato et al. 2006).

The carbon, nitrogen and oxygen isotopic compo-
sitions are expresses by the usual delta-notation for
permil deviation from the international reference
materials (i.e. 8"3C vs. V-PDB, 6'°N vs. atmospheric
N,, and 6'%0 vs. V-SMOW) throughout this paper.

Data analysis and curve fitting were executed with
the aid of a software package pro Fit ver. 6.1
(QuantumSoft).
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Results

The riverbed profile of the upper reach of the Khura
River (>20 km from the river-mouth station, Fig. 3a)
is characterized by relatively steep longitudinal
slopes. The riverbed was dominated by gravels and
coarse sand, and the river water was mostly clear.
The water temporarily became turbid seemingly due
to the erosion of riparian fine silt between 15.7 and
10.5 km points, and also was apparently affected by
effluent waters from fringing mangroves between
11.5 and 6.5 km points. These influences are reflected
in the longitudinal profile of POC (Fig. 3c). The
water temperature was 23.4°C at the most upstream
sampling point, gradually increased to 28.0°C at the
freshwater/brackish (F/B) boundary (12.8 km) and
remained constant at 29.2 + 0.8°C in the saline-
water section (salinity > 5; 0.0-10.9 km).

The Trang River has a much longer reach than the
Khura River, and the riverbed slope is generally small
except in the most upstream section (Fig. 3b). There
is a waterfall near the riverhead, and our most
upstream sampling point was located at the waterfall
basin. The water temperature was 23.6°C at this
point, gradually increased to 28.0°C at the F/B
boundary (33 km from the river-mouth point), and

remained 28.1 £ 0.5°C in the saline-water section.
Although the river water was clear at a few headwater
sampling points, it became somewhat turbid from
189 km down to 55 km sampling point (Fig. 3d for
POC). This turbid water was presumably caused by
the surface runoff from the fluvial floodplain that
extended over the middle- to lower-reach watershed
of the Trang River. The brackish section of the Trang
River was also affected by effluents from riverside
mangroves.

The dissolved oxygen (O,) concentration was
relatively constant around 200 pM in the upper to
middle reach of both the Khura and Trang Rivers
(Fig. 3a, b). It was always below saturation with
respect to the atmospheric oxygen. O, exhibited
minima typically near the F/B boundary (14.5 km in
the Khura River, 37 km in the Trang River) and at the
center of the mangrove-affected brackish zone
(9.2 km in the Khura River, 23 km in the Trang
River). The DIC concentration (200 uM) and the
8"°C of DIC (6"Cpyc, ~—15%0) were stable in the
upper to middle reach of the Khura River (Fig. 3e).
However, DIC increased and 6'*Cp;c dropped around
the F/B boundary. In the Trang River, DIC in the most
upstream section (204-189 km) was low (Fig. 3f) and
0"3Cpyc at 204 km point was quite high (—7.7%o).

‘f; - Khtxra River Flreshwater Brackisr: 5 250 Trfmg River , , Freshwz:ner Brellckish s
o 4
EEL 20jws o *** ¢ a {90 200 E e b 1, !
2 I * * . ‘. 3 |
g & o} s woo, * 430 150 | A 230 "
= O s 1 '
28 100} . d20  100f A deo 2
2 . ] / 2
2 50| g J10 sof J AR
2 J
. 0%35 20 ™% O 95560 150 700 0T
T 15— . . -2 15 : . : |
-
2~ j-—24 d Y
| s d -
Sok P o e
o ®a el o " {-28 . . 28
8 = ‘ ‘—5&3« - - \--,/"'G ...... < i = (o]
e o, | 4{-30 < £
i 1 0 =~
10 0
_ ! o 50 2% 150 100 50 ‘
I
38 55 200f f B oy _ '
£ = o= 1210 [ 1 — ’ ) '3 4 i =
29 . - s . S G i .
2] . 4-15 1000 [ +~ Jos &
o
| 4-20 500f . 4-20 %
o . ; - 1 &
‘ 0 lp=0=——C0-—0-0 25  olo” | P
30 20 10 0 200 150 100 50 0

River path length from the river-mouth station (km)

Fig. 3 Longitudinal distribution of chemical variables along
the Khura (left) and the Trang (right) Rivers. Note that the
scale of x-axis is different between two rivers. Symbols: a, b
salinity—solid circle, dissolved Oy—solid diamond, river-bed
profile—shaded area; ¢, d 513CPOC—0pen circle, 6" Npy—
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River path length from the river-mouth station (km)

solid circle, POC concentration—light shaded area, chloro-
phyll a concentration—dark shaded area, POC/PN ratio—
dashed line; e, £ DIC concentration—open circle, (513CDIC—
solid circle, pCOy—shaded area. The freshwater/brackish
water boundary is also indicated by vertical broken lines
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However, DIC increased to 2,000 umol L~! and
513CDIC decreased to around —12.5%o in the middle to
lower reach of the Trang River. pH was relatively high
in this section (7.6-7.9) compared to the upstream
section of the Trang River (6.7-7.3) and the whole
freshwater reach of the Khura River (6.2-7.0). pCO,
estimated by the equilibrium calculation was almost
always >50 Pa, well exceeding the atmospheric pCO,
(37 Pa), with only an exception at the waterfall-basin
point of the Trang River (=30 Pa). pCO, showed a
maximum around the F/B boundary (Fig. 3e, f).

The concentration of NO3;~ was almost constant
(=5 pM) in the upper to middle reach (31.5-18.2 km)
of the Khura River (Fig. 4a). Temporary accumulation
of nitrite (NO, ™, 2.7-6.6 uM) was observed at 31.5,
31.0,26.7 and 20.8 km points, while the concentration
of ammonium (NH,") remained low (<0.3 pM).
There is a small town of Khuraburi (population, ca.
11,000) at 14—15 km upstream from the river-mouth
station (Fig. 2), and NOj™ increased slightly around
this town (up to 8.8 uM). NH, ™ increased in the oligo-
and mesohaline sections of the brackish zone
(12.4-10.5 km, up to 2.1 uM). The 6'°N and §'%0 of
NO;™ (6"°Nno, and 8'®Oyo,, Fig. 4c) as well as the
5"°N of PN (6"°Npy, Fig. 3c) increased throughout the
freshwater reach of the Khura River. After the river
water passed the F/B boundary, the 6'° Nno, decreased
slightly.

In the freshwater reach of the Trang River (204—
55 km), the concentration of NO3~ was relatively

constant (~20 uM) except at a few upstream stations
(Fig. 4b). There is a large town of Trang (population,
ca. 60,000) between 55 and 46 km points, and two
smaller towns Thung Song (190 km, ca. 27,000) and
Kantang (30 km, ca. 13,000; Fig. 2). NO;™ increased
gradually between Trang and Kantang. In the Trang
River, the concentration of NO,~ was always low
(<1 uM), and thus the difference between DIN and
NO;~ could be ascribed largely to NH,'. The
concentration of NH," increased temporarily around
Thung Song (&~ 12 uM) and between Trang and
Kantang (5-14 pM). Domestic waste water from the
towns and effluent from fishworks factories of
Kantang along the Trang River may have influenced
DIN concentrations (Fig. 4b). The 6"’Nyo, (Fig. 4d)
as well as the 8"°Npy (Fig. 3d) increased throughout
the freshwater reach of the Trang River, while the
5]801\103 decreased slightly (Fig. 4d). In contrast, the
5]5NNO3 and the 6" Npy decreased and the 51801\103
increased across the salinity gradient of the brackish
zone of the Trang River.

Discussion

Instream metabolic activities inferred
from the dynamics of DIC and O,

The watershed geology and hydrology are reflected in
the profiles of DIC concentration and o3 Cbic
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Fig. 4 Longitudinal distribution of the concentration and the
isotope composition of NO;~ along the Khura (leff) and the
Trang (right) Rivers. Note that the scale of abscissa is different
between two rivers. Symbols: a, b salinity—solid circle, NO3
concentration—open circle, DIN concentration—dashed line

River path length from the river-mouth station (km)

without symbol; ¢, d 515NNO3—solid circle, (5180N03—0pen
circle. Results of the simultaneous fitting of Eq. 1 (thin solid
line) and Eq. 2 (broken line) to the real data of the 6'5NN03 and
the 6" Ono, in the freshwater reach are also shown in ¢ and d
(see text)
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(Pawellek and Veizer 1994; Kendall et al. 1995; Das
et al. 2005). The watershed of the Khura River was
dominated by granitic bedrocks, which is the reason
for the constantly low DIC concentration in the upper
to middle reach (Fig. 3e). 6"3Cpyc around —15%o
suggests that atmospheric CO, and respiratory CO,
contributed roughly equally to the buildup of DIC (i.e.
chemical weathering) in this section of the Khura
River. Granitic bedrocks are also dominant in the
headwater region of the Trang River, and consequently
DIC in the most upstream section (204—189 km) was
low (Fig. 3f). The high 6"°Cpic at 204 km point
presumably reflected the mixing and equilibration
with atmospheric CO, due to the waterfall effect.
However, DIC increased up to 2,000 pumol L~ 'and
the 6'*Cpic became stable around —12.5%o in the
middle to lower reach (Fig. 3f), which is ascribed to
the chemical weathering of limestone that was abun-
dant in the watershed of this section. The relatively
high pH in this region is consistent with the high
buffering capacity of DIC.

Around the freshwater/brackish (F/B) boundary
(14.5 km in the Khura River, 37 km in the Trang
River), the concentration of O, and the 6'°C of DIC
exhibited minimal values and pCO, had a maximum
(Fig. 3a, b, e, f). The decrease of 3Cpic s
indicative of elevated input of isotopically-light
respiratory CO, into river water. Such longitudinal
trends of O,, pCO, and 513Cmc all indicate that
heterotrophic activities such as O, consumption and
CO,; production were stimulated particularly around
the F/B boundary. On the other hand, the S13C of
particulate organic carbon (5]3CPOC) was also con-
spicuously low in this zone (Fig. 3c, d). However, the
absence of correlation between the 6'>Cpoc and the
8"3Cpc in this zone (Fig. 5a) suggests that this POC
was not produced by indigenous aquatic plants within
the river water but predominantly of terrestrial plant
origin. It is often reported that the §'°C of natural
organic matter decreases with the progress of decom-
position in aquatic environments (Fenton and Ritz
1988; Lehmann et al. 2002), supposedly due to the
selective remineralization of relatively '*C-enriched
fractions such as carbohydrates and proteins leaving
behind insoluble, 13C—depleted fractions such as
lignin and lipids. Therefore, the low 6'*Cpoc around
the F/B boundary may be indicative of accumulation
of aged detrital organic matter. The enhanced
heterotrophic activity around the F/B boundary has
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been reported for major temperate rivers and ascribed
to the accumulation and the active decomposition of
river-borne labile POC in this zone (Frankignoulle
et al. 1998). The above findings suggest that the
function of the F/B boundary in the carbon cycle is
similar between temperate and tropical rivers.

In contrast to the F/B boundary where the detrital
organic matter transported by river water contributes
predominantly to the instream metabolic activities, the
brackish zone often receives an enormous input of both
organic and inorganic carbon from tidal wetlands such
as salt marsh and mangrove (Cai et al. 2003; Neubauer
and Anderson 2003; Bouillon et al. 2008). This
allochthonous carbon input can strongly affect the
water chemistry and the instream metabolic processes
in this zone. The second minimum in the longitudinal
O, profile that was evident at around 9.2 km point of
the Khura River (salinity 15.9; Fig. 3a) and 23 km
point of the Trang River (salinity 13.5; Fig. 3b) is an
indication of this effect. It can be recognized also in the
profile of 6'*Cp;c. Although the 3'*Cpc in the saline-
water section rapidly increased due to the mixing with
isotopically heavier marine DIC (Fig. 3e, f), mass-
balance calculations have demonstrated that the mea-
sured 6'°C in this zone was significantly deviated
negatively by up to 5.7 and 2.4%o in the Khura and
Trang Rivers, respectively, from the values that were
expected by the conservative mixing of river and
marine DIC (Miyajima et al. 2009). These character-
istic profiles apparently reflect the influence of the
mangroves that were abundant in the intertidal area
along the estuary of the Khura and Trang Rivers.

In view of the above findings, we discuss the
biogeochemical nitrogen cycling separately in the
following sections: (1) the freshwater reach, (2)
the freshwater/brackish (F/B) transition zone and (3)
the saline-water section of the Khura and Trang
Rivers. In the freshwater reach, the concentrations of
O,, DIC, and NO3~ were relatively constant except
for a few upstream sampling points in the Trang
River, indicating quasi-steady-state turnover of these
constituents. In the F/B transition zone and the saline-
water section, instream heterotrophic activities were
enhanced by accumulation of terrestrial and man-
grove-derived labile POC, respectively, and conse-
quently turnover of NO3;~ was highly dynamic. The
influence of domestic wastewater inputs could also be
significant in the F/B transition zone, where the
watershed was densely populated.
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Turnover of NO5;™ in the freshwater reach

The upper to middle reach of the Khura River and the
middle to lower reach of the Trang Rivers are net
heterotrophic systems as indicated by slightly under-
saturated O, concentrations, supersaturated pCO,,
and the 6'°C of DIC that was kept constantly lower
than the atmospheric equilibrium value (—4 to +1%o
depending on pH). Remarkably constant longitudinal
distributions of O, pCO,, §"*Cpic as well as the
concentration of NO;~ suggest that instream meta-
bolic activities involved in C and N turnover were
nearly in steady state in this section. The roughly

3'%Npy = 0.39:3 "Ny, + 2.11
3'%Npy = 0.92:3"%Nyo,~ - 3.57

3'9Npy = 0.33:3"°Nyo,~ + 2.43
8"5Npy = 1.15°3"5Nyo,- - 8.60

freshwater reach (solid line) and the freshwater/brackish
boundary zone (dashed line) are shown with formulae in the
box below the plots

constant distribution of NO3~ (Fig. 4a, b) may be a
result of either (1) conservative transport of NO3~ by
rivers with little influences of instream metabolic
activities, or (2) dynamic balance between the inputs
(instream nitrification and external loading) and the
outputs (denitrification and assimilation) of NO3z™
within the river channel. If the conservative transport
had been the dominant process compared to the
instream turnover of NO;™, then the stable isotope
composition of NO3;~ should have barely changed
throughout the reaches. In fact, the (315NNO3 consis-
tently increased across the freshwater reach of both
the Khura River (from —0.4 to +9.3%o; Fig. 4c) and
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the Trang River (from +2.7 to +13.5%0; Fig. 4d).
The (31801\103 also changed longitudinally: an increas-
ing trend similar to the 515NN03 was found in the
Khura River (from —1.8 to +6.4%o; Fig. 4c), whereas
the 51801\103 was slightly decreased in the Trang River
(from +1.9%0 to —1.8%o; Fig. 4d). These observa-
tions indicate that NO3;™ in these river waters was
gradually replaced by isotopically different NO;3 ™,
and that the apparently constant NO3~ concentrations
were kept by the dynamic balance between the inputs
and the outputs of NO;™.

The longitudinal changes in §'*Nyo, and 6'*Ono,
may be caused by several mechanisms, including (1)
internal removal processes of NO; ™, such as denitri-
fication and assimilation, associated with isotope
fractionation, (2) internal production by nitrification
of NO3™ isotopically different from the preexisting
NO;™, and (3) external loading of isotopically-
different NO3;~ from the watershed. The fact that
NO;™ concentration in the freshwater reach of the
Khura and Trang Rivers was largely constant implies
that NO;~ was removed and simultaneously com-
pensated by the instream nitrification and/or the
external loading. In the following, we briefly review
the patterns of 515NN03 and 51801\103 potentially
created by these processes (Fig. 1).

The reductive removal of NO3;~ due to denitrifi-
cation and assimilation is accompanied with N and O
isotope fractionations. The magnitude of isotope
fractionation (¢ or '8, defined here as the average
0N or 6'%0 of existing NO3~ pool minus the §'°N
or 6'®0 of NO;™ just being removed by reduction,
respectively) depends on specific processes. In the
case of the assimilatory NO;~ reduction by micro-
algae, '%¢ is generally small ranging 0—10%o (usually
<5%o; Montoya and McCarthy 1995; Needoba et al.
2003). In contrast, the dissimilatory NO3~ reduction
by denitrifiers potentially causes a large fractionation
(15 & up to 40%o, but often around 25%o; Mariotti et al.
1981; Kendall et al. 2007). Although the estimation
of '®: has been relatively scarce compared to '’
existing reports generally indicate that '®¢ for NO5~
reduction processes is not largely different from e,
with the '%&/'% ratio mostly falling between 0.8 and
2.0 (Lehmann et al. 2003; Granger et al. 2004;
Sigman et al. 2005). The magnitude of the apparent
isotope fractionation also depends on physical envi-
ronments. The apparent ¢ associated with the DIN
assimilation decreases when the stream water
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velocity is so low that the thick boundary layer
created around the periphyton strongly restricts the
diffusion of DIN (Trudeau and Rasmussen 2003).
The apparent '>¢ of denitrification diminishes simi-
larly when the denitrification in the river beds
proceeded under diffusion-limited conditions and
the intrinsic isotope effect of denitrification was not
be fully realized in the 6'°N values of NO;~ left
behind in river water (Sigman et al. 2003; Ruehl et al.
2007).

The 6"°N of NO;~ produced by instream nitrifi-
cation is principally constrained by the 6'°N of
organic matter subject to remineralization. The
aerobic remineralization of organic matter is usually
accompanied with a small isotope fractionation, and
results in NH, " with 0-4%o lower 0'°N than the bulk
original organic matter (Lehmann et al. 2002; Dijk-
stra et al. 2008; C. Yoshimizu, unpublished data).
Nitrification of NH4 " to NO5~ is associated intrin-
sically with a large isotope discrimination (14—38%o;
Casciotti et al. 2003), although it may not be evident
in 6" Nno, in river water when the remineralization
and the nitrification proceed nearly in the steady state.
Specifically in the case of the Khura and Trang
Rivers, the 6'°N of particulate nitrogen (3'°Npy) was
+3.3 &£ 1.4 and +5.5 £ 1.0%o0 (average & SD) in the
freshwater reach of the Khura and Trang Rivers,
respectively (Fig. 3c, d). Given that 6'°Npy repre-
sents the 0'°N of decomposing organic matter in
rivers and that the combined isotope effect of
remineralization and nitrification can be scaled to
be 3%o or greater, 515NN03 due to instream nitrifica-
tion in the Khura and Trang Rivers may be expected
to be lower than +0.3 and +2.5%o, respectively.

On the other hand, it is empirically recognized that
NO3;~ produced by nitrification in aquatic environ-
ments usually takes similar 6'®0 values to the
ambient water (Casciotti et al. 2002; Sigman et al.
2005; our unpublished data in a freshwater lake). This
has been ascribed principally to the rapid exchange of
O atoms between nitrification intermediates (e.g.
NO, ") and ambient water molecules catalyzed by the
nitrification-related enzymes (Kool et al. 2007),
although the exact mechanisms responsible for the
lack of fractionation remain to be demonstrated.

There are various external sources of NO;™ to
river waters, including NO3 ™~ derived from natural N,
fixation followed by remineralization and nitrification
in the watershed soils, that derived from atmospheric
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deposition of nitrogen oxides in the watershed, and
anthropogenic NO3~ derived from manures, fertiliz-
ers, septic and animal waste, and domestic and
industrial wastewaters, which have diverse 5N and
6'0 values depending on sources (Kendall et al.
2007). However, NO3;~ derived from manure and
septic and animal waste has typically high 6'°N
(= +10%o or higher; Bedard-Haughn et al. 2003).
Domestic waste water input also generally increases
515NNO3 in river water (McClelland and Valiela
1998). As NO5;~ from these origins is produced via
nitrification, its 6'®0 would not be very different
from ambient water. Denitrification in soils and
aquifers may increase 515NN03 and 651801\103 during
transportation, typically with a ratio of 2:1 (Kendall
et al. 2007). In contrast, NO3;~ from atmospheric
deposition shows very high 5'80 (>+60%b).

Thus, the instream processes and the external
sources that are responsible for the turnover of NO; ™
in a given river may be discerned if the magnitude of
the isotope fractionation due to the removal process
and the 6'°N of NO; ™ newly added to the river water
could be determined, respectively. Specifically, an
estimated '°¢ much larger than 10%o would indicate
denitrification as the dominant removal process of
NO;~, while smaller '*¢ values suggest that the river-
water NO3~ is removed mainly by assimilation or
otherwise by denitrification under diffusion-limited
conditions. On the other hand, the 5'°N of newly-
added NO;™ similar to or lower than the 5'5N of PN
suggests that instream nitrification is a candidate for
the dominant source of NO; ™. If the '°N of newly-
added NO;™ is estimated to be much higher, the
external loading of the wastewater NO;~ would be a
feasible source. In the following, we introduce a
simple procedure to estimate these values using the
longitudinal distributions of the 6'"°N and 6'®0 of
NOj;™ in river channels in which the quasi-steady-
state turnover of NO3~ can be assumed.

A steady-state turnover model of river-water
NO;~

When NO3™ in the river water is constantly removed
by reduction and compensated by internal nitrifica-
tion and/or external loading at a fixed rate of, say,
r umol L™ km ™" keeping the NO;~ concentration at
C pmol L™', the spiraling length of NO;™ is evalu-
ated by the ratio C/r. The concept of spiraling length

has long been used to evaluate instream biogeochem-
ical activities for important nutrient elements and
compare them between rivers and between different
nutrients (Fisher et al. 2004). If the isotope fraction-
ation associated with the removal process (e, 13g)
and the average nitrogen and oxygen isotope com-
positions of NO;~ being added ('°6, and '®5,,
respectively) can be assumed to be constant within
a given section of a river, the longitudinal distribution
of 515NNO3 and 51801\103 in the section can be
expressed by the following functions:

8" No, (x) = — (e +'% 89 — 6"’ Nyo, (0))
x exp(—x/L) + ¢+ & (1)

(5]80N03(x) = _((158/]{) +18 do — 5]80N03(0))
x exp(—x/L) + (Pe/k) +' 8y
(2)

where x is the river-path length measured from the
upstream end of the stream section, k represents the
ratio '3¢/'8, and L is the spiraling length (km).

This model is tentatively applied to explain the
longitudinal changes in 515NNO3 and 5'801\103 along
the freshwater section of the Khura and Trang Rivers.
Specifically, we assumed & to be 1. The value of '*3,
was assumed here to be constant and identical to the
5'30 of the ambient water, and the latter was further
assumed to be identical to that of the average
meteoric water around the study site (—5.0%o; Clark
and Fritz 1997). Then, the parameters 158, 1550 and L
were adjusted so that the above two functions may
simultaneously fit to the present dataset. For the
Khura River, all the points in the freshwater reach
(31.5-18.2 km) were used for fitting (Fig. 4c). For
the Trang River, the data from between 189 and
85 km points were used (Fig. 4d).

In the case of the Khura River, 15¢ (=18£ in this
case) was evaluated to be a relatively large value of
16.3%o, reflecting conspicuous longitudinal increase
of both 515NNO3 and (3'801\103 (Fig. 4c¢). This is much
larger than '°¢ known for assimilatory NO; ™~ reduc-
tion and thus indicates that denitrification would have
operated as the predominant removal process in this
river. The average 6'°N of NO;~ added to the river
(1550) was evaluated to be —1.8%o, which is not an
unrealistic value for 515NNO3 due to instream nitrifi-
cation (<+0.3%o). Such a low '°d, indicates that
anthropogenic NO;3;~ loading to this river was
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insignificant, as also expected from relatively small
population in the watershed.

In the Trang River, 15 (=18£) was evaluated to be
as small as 3.1%o, which is a result of the slightly
declining longitudinal change of 51801\103 (Fig. 4d).
This apparently implies that the removal process of
NO;™ in this river was predominated by the assim-
ilatory reduction by primary producers and bacteria,
rather than denitrification, and this interpretation
seems consistent with the fact that most of the
freshwater reach of the Trang River was open to the
insolation that would promote primary production
within the river. However, such a small '°¢ may have
also been realized if denitrification in the river beds
proceeded under diffusion-limited conditions. In fact,
the riverbed slope was relatively small and the
riverbed was extensively covered with fine silt in
the Trang River compared to the Khura River. Such
conditions may have restricted hydraulic conductivity
to the hyporheic layer and forced the denitrification in
this layer to proceed under diffusion-limited condi-
tions (Grimaldi and Chaplot 2000). '°, in the Trang
River was evaluated to be +9.9%o, which is consid-
erably higher than the range of §'°N expected for
NO;~ produced by the instream nitrification
(=<+2.5%o).

The contrasting longitudinal trends of o Nno, and
51801\103 in the Trang River (Fig. 4d) suggests that the
isotope fractionation of the removal process may not
be identical between N and O but much larger for N
than O. Indeed, apparent '*¢/'%¢ ratios as large as 2
have been reported especially in freshwater environ-
ments, possibly reflecting the difference in enzyme
systems mediating the denitrification process (Ken-
dall et al. 2007). Thus, we reevaluated ¢ and >3,
under the constraint of k = 2. However, the results
were essentially same as before; that is, the reeval-
uated ¢ (6.3%0) was within the range of fraction-
ation associated with the assimilatory reduction and
the diffusion-limited denitrification, and 1550
(+6.8%0) was out of the range of 515NNO3 expected
for instream nitrification. The high '°J, suggests that
external loading of '’N-enriched anthropogenic
NO;~ was primarily responsible for the replenish-
ment of NO3~ in the Trang River, which is again
consistent with relatively eutrophic state of this river
as mentioned earlier.

The spiraling length of NO;3;™ in the Khura and
Trang Rivers was estimated to be ca. 24 and 90 km,
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respectively. These estimates are much longer than
the spiraling lengths for NO3;~ ever estimated in
various streams and rivers (typically <5 km; Ensign
and Doyle 2006). The potential reactivity of the
riverbed with respect to the N turnover may be
represented better by the “uptake velocity” that
corresponds to the concentration-normalized uptake
rate of NO5;™ per unit area of the riverbed and is equal
to the river discharge rate divided by the spiraling
length and the channel width. Although the exact
discharge rates are unknown, the previously esti-
mated average discharge rate for the Trang River in
December (98.6 m’ s Vorosmarty et al. 1996) and
the channel width of 50 m (typical to the middle
reach of the Trang River) may be tentatively applied
to calculate the uptake velocity of the Trang River,
which results in 1.3 mm min~'. This estimate is
within the interquartile range (0.5-4.3), though
considerably smaller than the average (3.7), of the
previous estimates of the uptake velocity compiled by
Ensign and Doyle (2006). The exceptionally long
spiraling lengths of NO;™ in the Khura and Trang
Rivers may be ascribed to particularly high discharge
rates (and consequently high flow speeds) of these
rivers in the observed periods, as well as to the large
channel dimensions of these rivers compared to many
of the previously investigated streams. However, the
assumption used in the model (Egs. 1, 2) might have
caused an overestimation of the spiraling length (and
consequently an underestimation of the uptake
velocity). In this model, NO3;~ produced by nitrifica-
tion within the rivers was assumed to have constant
6"°N and §'®0 values (i.e. '°3, and '®5,) throughout
the river path. In fact, the 8N of PN was found to
increase consistently along the river path of both the
Khura and Trang Rivers (Fig. 3c, d; see below),
which may imply that NO;~ produced within the
rivers through the remineralization of PN coupled to
the nitrification should have also been gradually
enriched with '>N. If this is the case, the model that
assumes a constant 1550 would overestimate the
spiraling length. Therefore, for estimating spiraling
length accurately, model should consider at least the
variability of '>5.

Apart from the variability of the d'°N of PN, some
other uncertainties may affect the model estimates.
First, the assumption that the 5180 of NO;™ produced
by the nitrification is equal to the 'O of the ambient
water relies only on an empirical relationship and has
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not been substantiated mechanistically. It is possible
that the 6'%0 of the nitrification-derived NO5™ is
considerably higher than the ambient water when the
exchange of oxygen atoms between nitrification
intermediates and the ambient water is limited by
some environmental conditions (Kool et al. 2007).
Second, the 6'%0 of the externally loaded NO;™,
which was assumed here to be identical to 1850, may
be significantly higher than the NO3~ produced by
the instream nitrification, owing to the isotope
fractionation associated with denitrification during
transport toward the river. Third, the variability of the
magnitude of the apparent isotope fractionation
associated with instream nitrification affects the
validity of the assumption of the constant '>dy. In
fact, the concentration of NO,  was elevated at
several sampling points in the Khura River (31.5,
31.0, 26.7 and 20.8 km), and at these points, the
515NNO3 was somewhat lower than the best-fit curve
in Fig. 4c. This may be a result of the isotope
fractionation that was made apparent by the incom-
plete oxidation of NO, ™, and in such cases, the 1550
value should be considered to be lower than the other
cases. Finally, NO;~ from atmospheric deposition,
which was ignored in the above model, may signif-
icantly affect the 6'°N and especially the 6'%0 of
river-water NO3;~ when the precipitation is intense.
When significant influences of these factors are
expected, further refinements of the model are needed
to infer correctly the contributions of the major
internal and external processes to the dynamics of
river-water NO5 ™.

N turnover in the freshwater/brackish transition
zone

The freshwater/brackish (F/B) transition zone is
defined here as the section in which the altitude is
already lower than 10 m but the salinity was still
below 10. Such zones corresponded to 15.7-10.5 km
section of the Khura River and 55-25 km section of
the Trang River (Fig. 4). The higher concentration of
NO;™ as well as DIN in this zone than the freshwater
reach (Fig. 4a, b) indicates that the internal produc-
tion and/or the external loading of NO;~ exceeded
the internal removal. However, NO;~ rapidly
decreased after the river water passed the F/B
boundary, which is primarily ascribed to the dilution
by mixing with NO; -depleted seawater. The

515NN03 exhibited a maximal value at the F/B
boundary of both the Khura River (49.3%0 at
14.5 km; Fig. 4c) and the Trang River (+14.3%o at
35 km; Fig. 4d). (SISONO3 also had a maximal value in
the Khura River (46.4%o0) but a minimal value in the
Trang River (—2.3%o) at the same points.

The increase of 515NN03 in both rivers and
5]801\103 in the Khura River as well as the decrease
in 6'®Ono, in the Trang River towards the F/B
boundary can be explained essentially by the same
mechanism as in the freshwater reach of these rivers.
In contrast, in the section downstream of the F/B
boundary, the 515NNO3 slightly decreased and the
51801\103 slightly increased, which can not be
explained by the above mechanism. This trend was
especially evident in the Trang River (Fig. 4d,
Fig. 5b). Mixing with seawater would not explain
this trend, because NO;~ was almost depleted in
seawater off the Khura as well as Trang River mouth
and thus mixing with seawater would not affect
3" Nyo, and 8" Oy, in brackish waters. One possi-
ble mechanism of the decrease of d'°N is production
of ’N-depleted NO;~ by the nitrification in estuarine
waters. In the F/B transition zone, NH,t was
accumulated up to 2.1 and 14.4 pmol L' in the
Khura and Trang River estuaries, respectively, pre-
sumably due to the active remineralization of accu-
mulated detrital organic matter. Effluents of domestic
and industrial wastewater might have also contributed
to the buildup of NH, " especially in the Trang River.
Since the nitrification in brackish waters is potentially
accompanied with a large N isotope fractionation
(up to 25%o; Sugimoto et al. 2008), partial oxida-
tion of NH," by the nitrification could generate
highly '*N-depleted NO; ™. On the other hand, NO;~
produced by the nitrification usually has similar §'%0
values to the ambient water. The 6'0 of the estuarine
water is expected to increase along with salinity
because the 6'%0 of seawater (& 0%o) is higher than
that of river water (&~ —5%o). Therefore, if NO3™
preexisting in estuarine water has 6'®0 significantly
lower than 0%o as in the case of the Trang River,
51801\103 should increase as original NO3 ™ is gradually
replaced with NO; ™ that is newly produced in situ by
the nitrification. Thus, the declining 515NNO3 and
increasing (51801\103 trends seen in the oligohaline
section imply that NO; ™ in this section was not simply
diluted by the mixing with seawater but actively
turned over by internal recycling processes.
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The internal transformation of N within the river
channel can occur also between DIN and PN through
the assimilation/remineralization cycle. The C/N ratio
of particulate organic matter (POM) suspended in
river waters is usually much lower than that typical to
terrestrial plant tissues as in the case of the Khura and
Trang Rivers (Fig. 3c, d), which suggests that the
river POM consists of a mixture of microbially
reworked detrital organic matter and microbial cells
produced within the river, rather than simple frag-
ments of terrestrial plant tissues. In fact, the SN of
PN in river water is not only constrained by the 5'°N
of source organic matter but gradually changes toward
the 6'°N of DIN in the same river water, principally
due to incorporation of DIN to suspended particles by
the instream primary production of microalgae as well
as the secondary production of particle-attached
bacteria (Finlay and Kendall 2007). Thus, the relative
influence of the coupled assimilation/remineralization
cycle on the turnover of PN in the river water may be
evaluated by the degree of correspondence of the
longitudinal 4'°N between PN and DIN.

Such correlation was found even in the freshwater
reach of the Khura and Trang Rivers where both the
0" Nno, and the §'°Npy gradually increased down-
stream (Fig. 3c, d). However, the longitudinal
increase of 0'"’Npy was much smaller than that of
515NN03, as illustrated by the slope of regression line
of 6" Npy to (SISNNO3 as low as 0.39 and 0.33 in the
Khura and Trang Rivers, respectively (Fig. Sc, d).
This result implies that, although the incorporation of
DIN contributed significantly to the buildup of PN
pool in river water, N contained in the original source
organic matter was also preserved during transporta-
tion. In contrast, correlation of these two parameters
was apparently much stronger and the slope of
regression was close to 1 (0.92 in the Khura River
and 1.15 in the Trang River) in the F/B transition
zone (Fig. 5c, d). Both the values simultaneously
increased at first and then simultaneously decreased
as the river water passed the F/B boundary. This fact
suggests that PN in the F/B transition zone was turned
over through the assimilation and the regeneration of
NO;~ within a relatively short interval of river
channel. Such an active turnover would be a result of
both high heterotrophic activities as demonstrated
earlier by the DO, pCO, and 513CDIC trends, and the
longer residence time of river water in this zone
compared to the freshwater reach.

@ Springer

The F/B transition zone has been recognized as a
hotspot in the whole-river scale in terms of the
biogeochemical carbon cycle and the CO, emission
to the atmosphere (Frankignoulle et al. 1998). The
present study illustrated that this view can be also
applied to the nitrogen cycle, particularly internal
turnover of organic and inroganic nitrogen.

DIN turnover in the saline-water section

As discussed earlier, the mesohaline and polyhaline
sections of the brackish zone of both the Khura and
Trang Rivers are characterized by conspicuous fluxes
of DIC and POC from the fringing mangroves. It may
be expected that the high heterotrophic activities
should have coincided with active remineralization of
organic nitrogen and regeneration of DIN in the
estuarine water. However, no sign of DIN regeneration
was observed in the longitudinal distribution of NO3™
and NH4". NO;~ decreased almost linearly with
increasing salinity (Fig. 4a, b), suggesting that NO; ™
was mostly constrained by the conservative dilution by
the mixing with seawater. The NH," concentration
exhibited a maximum in the section of salinity 5-10,
and then almost linearly decreased with salinity. In the
Trang River, NH," did not simply decrease by the
dilution but was also apparently consumed within the
polyhaline section and almost depleted at 9 km point
(salinity 26.9). This consumption of NH, " is ascribed
to the uptake by estuarine phytoplankton, as suggested
by conspicuous accumulation of chlorophyll a at 21
and 12 km points (Fig. 3d). These results imply
contrasting effects of the riverside mangroves on the
C and N cycles of the estuary. The mangrove exerts a
marked influence on the chemistry of carbon by
exporting large amounts of organic and inorganic
carbon to the estuary, but the export flux of inorganic
nitrogen to estuarine waters is virtually absent. Such
biogeochemical characteristics of the tidal wetlands
have been reported for both salt marsh and mangrove
(Cai et al. 2000; Holmer 2003) and are explained as
follows. The highly C-rich nature of organic matter
produced within the wetland ecosystem as well as the
oligotrophic conditions that generally prevail in these
areas forces the remineralization processes to proceed
under N-limited conditions. Consequently, DIN is
barely regenerated but even immobilized by bacterial
secondary production in the course of decomposition
of wetland-derived organic matter.
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However, the logitudinal changes of the 515NNO3
and the (31801\103 reveal a different aspect of the
nitrogen cycle in the saline-water section. The
515NN03 consistently decreased in the oligohaline
and mesohaline sections until it reached a minimum
at 9.2 km point of the Khura River (salinity 15.9) and
16 km point of the Trang River (salinity 21.3), and
then was kept almost constant or slightly increased in
the polyhaline section (Fig. 4c, d). This declining
trend could be ascribed to nitrification in estuarine
waters as discussed earlier. In contrast, the 51801\103
increased throughout the estuary, and the rate of
increase became greater especially in the polyhaline
section. These facts imply that NO;~ was not simply
diluted across the salinity gradient but some chemical
and/or biochemical processes influenced the behavior
of NO;~, particularly its 5'%0.

To date, the increase of the E]SONO3 observed in
rivers and surface ocean has mostly been explained
by the kinetic isotope fractionation associated with
the removal processes such as uptake by phytoplank-
ton and denitrification (Wankel et al. 2006; Ruehl
et al. 2007). However, the kinetic isotope fraction-
ation also affects the nitrogen atom of NO;~ and
increases the 515NN03 to an extent similar to or even
greater than the 5180No3. Therefore, this mechanism
fails to explain the case of the Khura and Trang River
estuaries where the 51801\103 alone increased. Wankel
et al. (2007) reported a much greater increase in
51801\103 than 515NNO3 in several depth profiles
obtained in Monterey Bay, California, which is an
apparently similar example to the present study. They
suggested that the observed ‘decoupling’ of 51801\103
and 515NNO3 might be explained by assuming nitri-
fication in the euphotic zone and subsequent partial
utilization of this new NO3;~ by phytoplankton. The
observed variations of 515NNO3 and 51801\103 may be
partially explained by this model, because both the
nitrification and the assimilation apparently contrib-
uted to the DIN turnover in these estuaries as
discussed earlier. On the other hand, Casciotti et al.
(2007) showed that the '80 of nitrite (NO,")
produced by the biochemical reduction of NO;z;™
could be much higher than original NO3;~ due to the
branching isotope effect of as large as 25-30%o. If
NO, ™ thus produced is subsequently reoxidized back
to NO5;~ keeping the isotopically heavier O atoms,
the (51801\103 will increase rapidly with the 515NN03
varying little as the oxidation-reduction cycling

proceeds. This is another possible mechanism that
could explain the observed increase of 6'®Oyo, in
estuarine waters. However, even if these mechanisms
actually caused the observed variations of 515NN03
and 5180No3, it is still unresolved why they operated
exclusively in the polyhaline section in the case of the
Khura and Trang Rivers. Tidal water exchange
between the mangroves and the estuary proper and
some redox processes specific to the sediment/water
interface within the mangroves may play an essential
role in such phenomena that are apparently confined
to the polyhaline section.

Another possible explanation for the steep increase
of (51801\103 is the atmospheric deposition of NO;™,
which typically exhibits very high 6'*0 (>460%o)
and various 8'°N (Kendall et al. 2007). Estuarine
mangrove forests may function as an effective
collector and transporter of the atmospheric NOz™
to the estuary. In fact, leaves of the mangrove plant
Rhizophora spp. along the Khura and Trang Rivers
contained water-extractable NO3;~ at 20-1,400 nmol
per leaf with 6'°N and 6'0 ranging —1 to +6%o and
+68 to +76%o, respectively (T. Miyajima et al.,
unpublished data, Feb. 2009). The accumulated
NO;~ on the leaf surface can be eventually trans-
ferred to the swamp water by litter fall and then
transported to the estuary by tidal exchange.
Although the final concentration of such NO5;™ in
the estuarine water should be small compared to the
bulk NO;™, it may raise the 5'%0 of the estuarine
NO;™ to a detectable degree as its 5'°0 is extremely
high.

In summary, this study showed that the river
system is not a simple set of channels that gathers
terrestrial nitrogen and passes it directly to the coastal
ocean, but should be viewed as a series of filters that
transform terrestrial nitrogen between organic and
inorganic forms and between particulate, dissolved
and gaseous forms and consequently moderate the
nitrogen flux to the sea. The roles that the river plays
in biogeochemical turnover of nitrogen are different
between different sections of the river from the
upstream freshwater reach to the estuary. In the
freshwater reach, the DIN turnover seemed to be
nearly in the steady state in the sense that DIN was
provided by both external and internal sources and
removed principally by internal processes at similar
rates. Both the F/B transition zone and the saline-
water section could be classified as heterotrophic
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systems in view of the carbon and oxygen dynamics.
However, the present study suggested that these two
sections are not purely heterotrophic (regenerative) in
terms of the nitrogen dynamics. Regeneration of DIN
seemed to be tightly coupled with the reverse process
(immobilization) in the F/B transition zone, and the
immobilization and redox cycling of DIN might even
prevail over regeneration in the saline-water section.
To maintain and take advantage of intrinsic functions
of the river in moderating the nitrogen flux to tropical
coastal ecosystems, it is indispensable to pay atten-
tion to whole biogeochemical functions and maintain
the integrity of these biogeochemically active sec-
tions of the river system.
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