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The Jiulong River Estuary (JRE) is a typical subtropical macro-tide estuary on the southwest coast of the Taiwan Strait (TWS),
which has been greatly impacted by human activities over the past 30 years. To understand nutrient dynamics and fluxes under
such a heavy background of anthropogenic perturbation, eight cruises were conducted from April 2008 to April 2011, covering
both wet (May to September) and dry (October to April next year) seasons. Nutrient concentrations were very high for the freshwater end-member in the upper reach of the JRE (nitrate (NO3-N): 120–230 mol L1; nitrite (NO2-N): 5–15mol L1; ammonium (NH4-N): 15–170 mol L1; soluble reactive phosphorus (SRP): 1.2–3.5 mol L1; dissolved silicate (DSi): 200–340 mol
L1). In dry seasons, concentrations of these nutrients were higher than in wet seasons. Nitrate was the dominant chemical species
of dissolved inorganic nitrogen (DIN), with percentages of 67%–96% in wet seasons and 55%–72% in dry seasons. Distributions
of NO3-N and DSi against salinity were nearly constant during all cruises, and showed generally conservative mixing behaviors in
the estuary (1<Salinity<32). The concentrations of SRP varied within a narrow range of 1.0–2.0 mol L1 in low/middle salinity
areas, and they were quickly diluted by relatively oligotrophic near-shore seawater in the high salinity region. Based on a temporally high-resolution water discharge dataset, riverine fluxes of DIN, SRP and DSi into the JRE were calculated at 34.3103 t N
a1, 0.63103 t P a1 and 72.7103 t Si a1, respectively. In comparison, estuarine export fluxes of DIN, SRP and DSi from the JRE
to the TWS were estimated at 34.8103 t N a1, 0.82103 t P a1 and 71.6103 t Si a1. The estuarine addition flux of SRP was
independently estimated at 0.16103 t P a1. In comparison with major world rivers, the Jiulong River shows a very high areal
yield rate of NO3-N. In comparison with historical datasets from 1980s–1990s, concentrations of NO3-N and SRP increased 2–3
times in upper/middle areas of the JRE, while DSi remained at the same level. The latter is much different from decadal nutrient
changes in the Mississippi River and the Yangtze River/Estuary. Such nutrient changes may fundamentally contribute to recent
red tide events in the JRE and adjacent Xiamen Bay.
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Decadal increases in nutrients of nitrogen and phosphorus,
along with decreases in dissolved silicate (DSi) concentration, have been widely reported in many large river basins
in the world [1,2]. This could be a consequence of either
global climate change or growing human activities (e.g.
population growth, poultry/livestock culture, chemical fertilizer application, dam construction, and others), accompa*Corresponding author (email: wdzhai@126.com)
© The Author(s) 2012. This article is published with open access at Springerlink.com

nied by land-use/land-cover changes. For example, nitrate
(NO3-N) and total phosphorus concentrations in the Mississippi River increased 3–4 times from 1950 to 2000, owing to
a consistent increase in chemical fertilizer application [3]. In
contrast, DSi decreased by ~50% over the same period [3,4].
Similar nutrient changes have been reported in the Yangtze
River, where dissolved inorganic nitrogen (DIN) and soluble
reactive phosphorus (SRP) concentrations increased sharply
from 1960 to 2000 [5,6], while DSi dropped from 130 mol
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L1 in 1960 to 80 mol L1 in 1985 [4,6,7]. The major reasons for this are also related to chemical fertilizer application, population growth and dam construction [5,6].
These changes have made significant environmental impacts on coastal ecosystems [1,8], e.g. coastal eutrophication, frequent harmful algal bloom events, and seasonal hypoxia [1,9–11]. Therefore, variation in riverine fluxes of
nutrients has been highlighted over the past 30 years, and is
a major theme in the Land-Ocean Interactions in the Coastal
Zone (LOICZ) program [8]. The synergistic effect between
climate and land-use/land-cover change has been recently
emphasized, since it may increase nutrient export fluxes
from rivers into adjacent coastal zones [12,13].
Jiulong River is the second-largest river in Fujian Province of southeast China, with a watershed area of 14741
km2 [14] and two major tributaries (i.e. North Stream and
West Stream). Rapid economic development in this area
during the past three decades has brought on significant
anthropogenic perturbations. Both the use of chemical fertilizer and the number of livestock increased by 6–10 times,
and gross industrial output increased by 100 times in the
watershed. Over the last 10 years, hundreds of cascade hydropower stations have been rapidly constructed along main
and tributary channels of the two streams [15,16]. Meanwhile, large tracts of vegetated land have been converted to
built lands [17]. A consequence of the combined effects of
these factors is the emergence of aquatic eutrophication in
the Jiulong River Estuary (JRE) [18]. However, only a few
studies since the late 1990s have concentrated on nutrient
dynamics in this estuary. Most qualified nutrient data in this
estuary in the literature are from early surveys during
1962–1997 [19–31], which mainly cover the salinity range
from 5 to 30. Nutrient data is lacking in the low salinity area
close to the river-estuary interface, and the high salinity area
connected with the coastal waters. Thus, it is difficult to
understand potential impacts of anthropogenic perturbation
in the Jiulong River watershed on nutrient dynamics in the
estuary, and eventually on adjacent coastal zones of the
southwest Taiwan Strait (TWS).
We conducted eight cruises in the JRE and three in adjacent coastal waters, from April 2008 to April 2011. These
cruises covered both wet seasons (May to September) and
dry seasons (October to April next year). Our purpose is to
characterize variations of spatial and temporal distributions
of nutrients during their transport in this estuary. Changes of
nutrient distributions and fluxes over past decades are also
assessed by comparing this dataset with historical data. This
comparison provides clear evidence of how estuarine nutrient dynamics respond to the continuous increase of human
stresses, especially from the watershed.

1 Materials and methods
1.1

Study area and sampling sites

The JRE is along the southwest coast of the TWS. As a typ-
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ical subtropical macro-tide estuary, its water temperature
ranges from 13 to 32°C and maximum tidal current speeds
during spring tide are >1.5 m s1 in bottom waters and >2.0
m s1 at surface and middle levels [32]. The flushing time in
the JRE has been estimated at 2–3 d [33].
Eight sampling cruises were carried out in the JRE during April, August, and November 2008, May and late June
2009, early July 2010, January and April 2011 (Figure
1(a)–(c)), covering full seasonal variations of water discharge (Figure 2). To get seawater end-member values, field
surveys in adjacent seas were also made during November
2008, late June–early July 2009 and July 2010 (Figure 1(d)).
The research vessels were Ocean I (2008–2009) and Ocean
II (2010–2011) in the estuary, and Yanping II on the seas.
Sampling sites are shown in Figure 1.
1.2

Sampling and analyses

Water samples were collected in the estuary from nearsurface and near-bottom depths using 5 L Niskin bottles
(model QCCC-5, National Ocean Technology Center, China), onboard R/V Ocean I and R/V Ocean II. During the
coastal surveys, water samples were obtained at 3 or 4
depths using a rosette sampler fitted with 8 L Go-Flo bottles,
which were mounted with a Conductivity–Temperature–
Depth/Pressure (CTD) unit (SBE917+, Sea-Bird Co., USA)
onboard R/V Yanping II.
In the estuary, duplicate water samples were filtered
onboard with 0.45 m cellulose acetate membranes. One of
these was poisoned with 1‰–2‰ chloroform and preserved
at 4°C for NH4-N (ammonium) and DSi determination [34],
while another was deep-frozen and kept at −20°C for
NO3-N, NO2-N (nitrite) and SRP determination. Water
samples for estuarine salinity measurements were sealed
and kept at room temperature, until they were determined
using a WTW TetraCon® 325 probe based on conductivity
measurements, with a precision of 0.1 (practical salinity
units). All these water samples were analyzed in the
land-based laboratory.
During our coastal surveys, the CTD unit was used to
measure temperature with a precision of 0.001°C and salinity with a precision of 0.001 (practical salinity units).
For the measurements of NO3-N, NO2-N, SRP and DSi,
single samples were taken onboard R/V Yanping II. They
were filtered onboard, deep-frozen and preserved at −20°C
until determination in the land-based laboratory.
NO3-N and NO2-N were measured by reducing NO3− to
NO2− with a Cd column, and then determining NO2− using
the standard pink azo dye spectrophotometric method [35].
SRP, DSi and NH4-N were measured based on the standard
phospho-molybdenum blue, silicon molybdenum blue and
indophenol blue [36] spectrophotometric procedures, respectively. NO3-N, NO2-N, and SRP were determined using
an AA3 Auto-Analyzer (Bran+Luebbe Co., Germany) [35],
while NH4-N and DSi were measured using a Tri-223
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Figure 1 Area maps and sampling sites in the estuary and adjacent seas. (a) Estuary cruises in 2008; (b) estuary cruises in 2009; (c) estuary cruises in
2010–2011; (d) coastal cruises. Dashed vertical lines are boundaries of upper/middle/lower zones in the estuary.

continuous Auto-Analyzer [35]. Detection limits of the AA3
Auto-Analyzer were 0.1, 0.04 and 0.08 mol L1 for NO3-N,
NO2-N and SRP/DSi, respectively. For the Tri-223 Auto-Analyzer, the detection limits were 0.5 mol L1 for both
DSi and NH4-N. Samples with high nutrient concentrations
were properly diluted before determination.
1.3

Water discharge from Jiulong River

During the period 2009–2011, daily water discharge data
for the most downstream hydrologic stations (Pu-nan for
North Stream and Zheng-dian for West Stream) were collected from the website of the Bureau of Hydrology, Ministry of Water Resources, China (http://xxfb.hydroinfo.gov.
cn). These two stations cover more than 80% of the area of
the Jiulong River watershed [14]. The discharge data were
summed up to obtain the yearly water discharge from the
river into the estuary.

2 Results and discussion
2.1 Hydrological conditions during investigation
period
During the investigation period, the varying magnitude and
seasonal variations of water discharge from the watershed

were basically consistent with the long-term mean (1961–
2006) pattern of seasonal variation [14], although a certain
degree of interannual variability was revealed (Figure 2).
Water discharge generally peaks in May–June (the highest)
and in August (second highest). Therefore, the four survey
cruises from May through to August (August 2008, May
and late June 2009, early July 2010) characterized the flood
period, while the other four cruises (April 2008, November
2008, January and April 2011) represented dry seasons.
Figure 3(a) shows the spatial distribution of surface salinity along the surveying transect. A significant salinity
front was persistently observed between 117°50'E and
118°03'E, where freshwater at the upper reach of the JRE
mixed with downstream saline waters and salinity increased
from <3 to 20–29 (Figure 3(a)). In downstream areas of the
JRE, salinity was between 20 and 33.
In the adjacent coastal zone outside the JRE, different
high-salinity coastal water masses were observable in various seasons. In summer (late June–early July 2009 and July
2010), surface salinity was between 32.5 and 33.5, and bottom salinity was between 33.4 and 34.0. This indicates that in
summer, the area outside the JRE was dominated by typical
seawater from the northern South China Sea. In autumn
(November 2008), however, much lower surface salinity of
30.4–32.0 was observed in the same region, although bottom salinity reached 33.4. This fact shows that a southing
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Figure 2 Interannual and seasonal variations of water discharge from Jiulong River. The dashed curve shows the long-term mean water discharge during
1961–2006 [14], while the real line curve denotes the water discharge from 2009 to 2011. Arrows indicate those sampling surveys in the estuary.

winter coastal current may dominate the southwest TWS outside the JRE in autumn. Since the southing winter coastal
current originates from the Yangtze Estuary, it is characterized by lower salinity than typical open ocean waters.
2.2 Spatial distributions of nutrients in JRE and seasonal variations in the upper reach
In the upper reach of the JRE, most nutrients were at very
high levels (Figure 3). NO3-N ranged between 120 and 180
mol L1 in wet seasons, and 150–220 mol L1 in dry seasons. NH4-N varied from 15–60 mol L1 in wet seasons to
60–170 mol L1 in dry seasons. NO2-N concentrations were
at a relatively low level of 5–15 mol L1 in this region, only
accounting for 2%–4% of DIN. DIN was usually 150–250
mol L1, although it reached a high range of 310–370 mol
L1 in dry seasons during 2011. The concentration of SRP was
generally between 1.2 and 2.2 mol L1, although it increased
to 2.8–3.5 mol L1 in April 2011. DSi was 250–340 mol L1
in dry seasons and 200–270 mol L1 in wet seasons.
In the middle part of the JRE, from the freshwater endmember to the seawater area, NO3-N decreased from
120–190 mol L1 to 20–70 mol L1. NH4-N remained at a
relatively low level of <30 mol L1 in wet seasons, and
declined from 60–120 mol L1 to 5–20 mol L1 in dry
seasons. A NO2-N maximum zone was observed in the
middle part of the JRE, where NO2-N reached 17–30 mol
L1 in wet seasons during 2008–2009 and 15–20 mol L1 in
dry seasons of 2008. Similar to NO3-N, DIN declined from
310 mol L1 in the upper reach to 50 mol L1 in seawaters.
In this region, SRP was slightly lower than in the upper reach.

However, DSi decreased greatly, from 200–300 mol L1 in
the upper reach to 30–100 mol L1 in seawaters.
In the lower part of the JRE, low levels of NO3-N, DIN
and DSi (<10 mol L1) were observed around the estuary
mouth. SRP still ranged between 1.0–1.5 mol L1 in dry
seasons, although its concentrations were <1.0 mol L1 in
seawater areas during wet seasons.
In the adjacent southwest TWS outside the JRE, surface
nutrients were generally at very low levels. During summer
(late June 2009 and early July 2010), nearshore surface DIN,
SRP and DSi were lower than 4 mol L1, 0.4 mol L1 and
10 mol L1, respectively, while most of the offshore surface nutrients were below detection limits. In autumn (November 2008), surface DIN, SRP and DSi were determined
as 12±5.0 mol N L1, 0.51±0.21 mol P L1 and 10±4.8
mol Si L1 (n=6), respectively.
Generally, the upper reach of the JRE was characterized
by high nutrient levels. This is a result of riverine input, i.e.
the freshwater end-members were determined. In this region,
most nutrients varied within a relatively narrow concentration range, although NH4-N varied considerably. The middle part of the JRE was the most dynamic region; it was
dominated by estuarine mixing processes and therefore
most nutrients varied greatly. In the lower JRE, the lowest
levels of nutrients were found, under the influence of relatively oligotrophic coastal seawaters.
Table 1 summarizes the freshwater end-member concentrations of all nutrient parameters during the surveys. Combined with Figure 4, Table 1 shows that there were some
seasonal variations in the freshwater end-members of the
JRE. In general, most nutrient concentrations were higher in
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Figure 3 Spatial distributions of surface salinity, NO3-N, NH4-N, NO2-N, DIN, SRP, and DSi in the JRE. Broken vertical lines are similar to those in Figure 1.

Table 1

Nutrient concentrations at freshwater end-members (Unit: mol L1)a)

Cruise
2008-08
2008-11
2009-05
2009-06
2010-07
2011-01
2011-04
a) N/A means no data.

NO3-N
156.5
152.8
124.0
173.7
174.8
216.7
189.4

NO2-N
6.8
6.9
5.4
8.2
8.8
8.8
14.4

dry seasons than in wet seasons. It is worth noting that a
storm-induced flood occurred just before our early July
2010 cruise, during which real-time water discharge was

NH4-N
36.4
69.1
N/A
41.3
41.3
98.0
156.5

DIN
199.7
228.8
N/A
223.2
224.9
323.5
360.3

SRP
1.87
1.81
2.06
2.38
1.80
1.63
3.29

DSi
233.4
306.0
238.8
240.4
245.4
313.0
284.8

1–2 times greater than in June 2009 (Figure 2). However,
the determined freshwater end-member concentrations of
nutrients during the two cruises remained at about the same
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Figure 4 Relationship between nutrient concentrations and salinity in the JRE. All depth data and coastal data are included. Shaded areas show ranges of
historical data [19–31].

level (Table 1).
2.3 Relationship between nutrients and salinity in JRE
Figure 4 plots nutrient concentrations against salinity in the
JRE. Depth data suggest that the mixing behaviors of nutrients in surface and near-bottom waters were similar.
Both NO3-N and DSi demonstrated conservative mixing
behaviors in the JRE, which were mainly controlled by tidal
mixing. The relationship of NO3-N/DSi concentrations
against salinity was generally stable during wet seasons
(Figure 4(a),(f)).
The relationship between NH4-N and salinity was complicated. In dry seasons, NH4-N demonstrated a conservative mixing behavior, whereas a significant removal was
evidenced in the low-/mid-salinity area during wet seasons
(Figure 4(b)). Correspondingly, NO2-N showed a clear addition in the same region during wet seasons (Figure 4(c)).
Therefore, some degree of nitrification may occur in the
upper/middle parts of the JRE, which needs further investigation. The salinity distribution of DIN was similar to
NO3-N (Figure 4(a),(d)). This is obviously because the
concentrations of NO3-N were generally higher than NH4-N

and NO2-N in the JRE (Figure 4(a)–(c)).
The salinity distribution pattern of SRP in the JRE was
much different from the other nutrients. In the area of salinity <25, SRP concentrations remained relatively stable (Figure 4(e)). This demonstrates a typical estuarine buffering
effect on SRP, which has been reported in the JRE [27,31]
and is usually attributed to absorption-desorption processes
on suspending/sinking particles [37,38]. In the high salinity
region, however, SRP was quickly diluted by relatively oligotrophic near-shore seawaters (Figure 4(e)).
To sum up, strong tidal mixing serves as the controlling
factor for spatial distributions of most nutrient species in the
JRE [20,27,39]. However, SRP was mainly controlled by
the absorption-desorption processes on suspending/sinking
particles [37]. Based on the SRP-salinity relationship (Figure 4(e)), a significant addition to SRP can be identified in
the JRE.
2.4 Characteristics and decadal changes of JRE
nutrients
The watershed of the Jiulong River is mainly composed of
igneous rocks. Thus, chemical weathering is aluminosili-
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cate-based, and riverine DSi transport is remarkable.
Therefore, DSi concentration in the river is 1–2 times higher
than in the Yangtze River. Both DIN and SRP in the JRE
upper reach were also 1–2 times higher than in the Yangtze
Estuary. Thus, the N:P ratio in the JRE (100–150) was similar to or slightly higher than the ratio in the Yangtze Estuary (50–150) [40]. In the JRE upper reach, NO3-N accounted for 55%–72% of DIN in dry seasons, and 67%–96% in
wet seasons (Table 1, Figure 4). This indicates that most
DIN in the JRE may result from chemical fertilizer application [33] and soil erosion in the watershed. This phenomenon is similar to the Yangtze [41], but it is different from
the upper reach of the Pearl River Estuary of China. The
latter is significantly impacted by municipal sewage from
Guangzhou, where NH4-N is the dominant chemical species
of DIN [35].
Figure 4(a), (e) and (f) also summarizes the historical
datasets of NO3-N, SRP and DSi collected during
1982–1997. In addition, Figure 4(f) includes a dataset from
1962 [19]. In the area of salinity <25, NO3-N concentrations
from this study were 2–3 times higher than the historical
data, while SRP was 0.5–1.0 mol L1 higher than those
historical data. In the high-salinity areas, however, their
levels were similar to the historical data. These decadal
changes of N and P in the upper/middle areas of the JRE are
similar to the Yangtze and Mississippi. Undoubtedly, they
are largely due to the increase (6–10 times) in chemical fertilizer application in the Jiulong watershed since 1978. They
may also partially result from the rapid changes of land use
and land cover in the watershed since late 1990s [17]. According to a study in Maryland, USA, urban streams have
lower NO3-N concentrations (0–280 mol L1) than streams
draining agricultural watersheds (70–1000 mol L1), but
higher than streams draining forest watersheds (~70 mol
L1) [12]. In the upper reach of the JRE, NO3-N concentrations in the 1990s were very similar to streams draining
forest watersheds in Maryland (Figure 4(a)). However, after
the construction of numerous cascade hydropower stations
[15] and a significant increase in built lands [17] in the
Jiulong watershed since late 1990s, forest areas accordingly
decreased and thus the soil retention of N/P nutrients declined. Monitoring data have shown that concentrations of
NH4-N increased in the river over the past decade [17].
Therefore, the link between growing human activities including land-use/land-cover changes and JRE nutrient variations is a worthy topic for further investigation.
Figure 4(f) shows that DSi distribution has remained
nearly constant in the JRE since 1962. This is much different from the Yangtze, Mississippi and many other large
rivers in which DSi largely declined over past decades [3–7].
A possible explanation is that the numerous hydropower
stations along the Jiulong River are typically small and regulated daily [16]. Therefore, both flushing time and chemical weathering have changed relatively little over the past
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50 years.
It is worthy noting that we observed a significant algal
bloom in the JRE during February 2009, and it had certain
influences on nutrients within the salinity range from 12 to
27 (data were not reported). Thus far, however, both the
frequency and influences of algal blooms/red tides are insignificant in the JRE. If N/P nutrients continue to be elevated in the estuary as shown in Figure 4, more algal
blooms/red tides may occur and strongly affect nutrient dynamics. This is worth further investigation.

3 Flux estimation
The estuary is not only a passage for transporting materials,
but is also a reactor. Many estuarine biogeochemical processes significantly affect the formation and fluxes of materials under their transport from land to sea [42,43]. Therefore, it is important to distinguish riverine fluxes (into the
estuary) from export fluxes (from the estuary into the sea).
This is essential for better estimation of estuarine transport
fluxes of nutrients, and for correct assessment of their impacts on coastal ecosystems.
3.1 Riverine nutrient fluxes into JRE
Based on nutrient concentrations of the freshwater endmembers (Table 1), and on the assumption that the nutrients
remained in a steady state during the week of investigation,
we use eq. (1) to calculate the riverine fluxes of nutrients
into the estuary:
(1)
Fj=Cj×Qj,
where Fj is the flux of a nutrient species during the week
under investigation; Cj is concentration in the freshwater
end-member (the relative deviations of surface and bottom
nutrient concentrations at upstream stations were usually
less than 10%); Qj is the mean water discharge during the
week under investigation.
By plotting Fj against Qj, and by fitting a linear regression equation with zero intercept, we obtain a simplified
relationship between water discharge and riverine fluxes of
any nutrient species into the estuary, as eq. (2):
(2)
Fj=a×Qj,
where a is a proportional coefficient corresponding to the
water discharge weighted mean concentration of relevant
freshwater end-member values. If we use the weekly mean
water discharge Qi, the nutrient flux of any week in the
study period (Fi) is predicted by
Fi= a×Qi.
(3)
By summing up all weekly nutrient fluxes over a year
through eq. (4), the yearly riverine flux of a given nutrient
species is obtained.
 52 
Fyear    Fi  52.
(4)
 i 1 

2314

Yan X L, et al.

Chin Sci Bull

Table 2 shows calculated results based on eq. (1). Riverine fluxes of nutrients into the estuary showed significant
seasonal variations (Table 2). For most nutrient species other than NH4-N, the highest riverine fluxes occurred during
the July 2010 cruise; the lowest were found during both the
November 2008 and May 2009 cruises. The highest riverine
flux of NH4-N was during the April 2011 cruise, followed
by the July 2010 and January 2011 cruises.
Based on the dataset shown in Table 2, the linear regression equations (with zero intercept) of riverine fluxes
against water discharge were: FDIN=0.238×Q (R2=0.80);
FSRP= 0.00197×Q (R2=0.80); FDSi=0.252×Q (R2=0.96). Figure 5(a)–(c) shows weekly riverine flux time series of DIN,
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SRP and DSi, respectively. Also plotted are real data from
Table 2. By comparing Figure 5(a)–(c) with Figure 2, a
synchronous change between riverine nutrient fluxes and
water discharge is clearly revealed. This suggests that the
riverine nutrient fluxes were dominated by water discharge.
Similar results have been reported in the Yangtze River and
the Yellow River Estuary [44,45].
Based on Figure 5 and eq. (4), and using water discharge
data during 2009–2010, we calculated yearly fluxes in the
two years. And then the two-year mean riverine nutrientfluxes were estimated at 34.3×103 t N a1, 0.63×103 t P
a1, and 72.7×103 t Si a1. We used these two-year mean fluxes as annual mean fluxes during the period of investigation.

Table 2 Riverine nutrient flux estimation for individual cruises
Riverine nutrient flux (mol s1)
NO3-N
NO2-N
NH4-N
DIN
SRP
2008-04
436 a)
N/A
N/A
N/A
N/A
N/A
2008-08
589a)
92.2
4.0
21.4
117.6
1.10
2008-11
177a)
27.0
1.2
12.2
40.5
0.32
2009-05
231b)
28.6
1.2
N/A
N/A
0.48
2009-06
431b)
74.9
3.5
17.8
96.2
1.03
183.2
9.2
43.3
235.7
1.89
2010-07
1048b)
2011-01
384b)
83.3
3.4
37.7
124.4
0.63
2011-04
389b)
73.7
5.6
60.9
140.2
1.28
a) Monthly mean water discharge during 1961–2006 [14]; b) weekly mean water discharge during the cruises; N/A means no data.
Cruise

Figure 5

Qj (m3 s1)

Time series of riverine fluxes ((a)–(c)) and seaward export fluxes ((d)–(f)) of DIN, SRP and DSi, during 2009–2011.

DSi
N/A
137.5
54.1
55.2
103.6
257.2
120.3
110.8
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3.2 Export fluxes of nutrients from JRE into the sea
Here we used two independent methods, one to calculate
nutrient export fluxes from the JRE into the sea, and the
other to estimate the addition flux of the non-conservative
nutrient species—SPR. The latter was defined as the nonconservative flux by reference [43].
(1) Using effective concentration method to estimate estuarine export fluxes. First, we analyzed Figure 4 again
and extrapolated the linear regression curves of nutrient
concentrations against salinity, from the middle/high salinity areas to zero salinity. Given a nutrient species under investigation, the suppositional nutrient concentration at the
freshwater end-member was defined as the estuarine export
effective concentration of the nutrient species (Co*) [46].
Then, the export flux of the nutrient species from the JRE
into the sea can be obtained by F=Co*×Q.
Table 3 summarizes the estuarine export effective concentrations in the JRE for every cruise. The effective concentration ranges of DIN, SRP and DSi were 174–390,
1.8–5.9, and 217–312 mol L1, respectively. By comparing
Tables 3 and 1, the estimated estuarine export effective
concentrations of DIN and DSi were nearly identical to the
observed nutrient concentrations at the freshwater
end-members. However, the estuarine export effective concentrations of SRP were 1–2 times greater than the freshwater end-member concentrations. A possible explanation
for this phenomenon is that re-suspended particles release
additional SRP. Similar to previous analyses for riverine
fluxes, the seasonal variations of estuarine export effective
concentrations of DIN, SRP and DSi were much smaller
than seasonal variations of water discharge. Therefore, we
can calculate the export fluxes from the JRE into the sea via
a similar procedure for riverine flux estimation (Section 3.1).
The results are also listed in Table 3.
Based on the datasets shown in Tables 2 and 3, the linear
regression equations (with zero intercept) of estuarine export fluxes against water discharge were: FDIN=0.241×Q
(R2=0.65); FSRP=0.00257×Q (R2=0.55); FDSi=0.248×Q (R2
=0.96). Based on Figure 2 and an equation similar to eq. (3),
we extrapolated limited estuarine export flux data of DIN,
SRP and DSi to every week of the study period (Figure
5(d)–(f)). Time series of the estuarine export fluxes of nuTable 3
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trients were also dominated by water discharge. The annual
mean estuarine export fluxes of DIN, SRP and DSi were
estimated at 34.8×103 t N a1, 0.82×103 t P a1 and 71.6×103
t Si a1, respectively, during the investigation period.
(2) Non-conservative flux estimation for SRP. To
examine the applicability of the aforementioned effective
concentration method to the non-conservative chemical
species SRP, we used the LOICZ Nutrient Budget Model
[47,48] to estimate the biogeochemical modification of
SRP in the JRE. In principle, based on the law of conservation of mass, mass balances of water/salt and biogenic
elements are initially established in an estuary. Then, relevant fluxes of the targeted biogeochemical element are
estimated [33,43].
The mass balance of water was established for the JRE
(Figure 6). According to this figure, the residual water flux
exported from the estuary into the adjacent coastal zone is
VR= –VQ–VP–VO+|VE|, where VQ, VP, VO, and VE refer to water discharge, precipitation, other freshwater input, and
evaporation, respectively. The exchange flux between estuary and sea is called VX.
Since there are neither inner sources nor inner sinks of
water and salt in the estuary system, i.e. ∑input=∑output,
we have
(5)
VQ+VP+VO+VR+VX=|VE|+VX,
VQ×VQ+VP×SP+VO×SO+VR×SR+VX×Socn=|VE|×SE+VX×Ssys, (6)
where SQ, SP, SO, SE, SR and Socn are average salinities of
individual components. SQ, SP, SO, SE are assumed to be zero.
The salinity of outflow exchange SX is usually the same as

Figure 6

Mass balance of water in an estuary (modified from [47,48]).

Estimation of estuarine export effective concentrations (mol L1) and seaward export fluxes (mol s1) during every cruise a)

Cruise
CDIN*
2008-04
390
2008-08
191
2008-11
239
2009-05
174
2009-06
223
2010-07
211
2011-01
329
2011-04
344
a) Water discharge data refer to Table 2.

CSRP*
2.2
2.6
5.9
1.8
4.0
2.2
3.0
3.1

CDSi*
217
230
309
231
237
248
312
270

FDIN
170.0
112.5
42.3
40.2
96.1
221.1
126.3
133.8

FSRP
0.96
1.53
1.04
0.42
1.72
2.31
1.15
1.21

FDSi
94.6
135.5
54.7
53.4
102.1
259.9
119.8
105.0
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Ssys, whereas the salinity of inflow exchange is usually the
average salinity of the adjacent sea Socn. The average of Ssys
and Socn was assigned salinity of the residual flow (i.e. SR)
[33,48].
Based on eqs. (5) and (6), the exchange flux VX can be
obtained as
V S
VX  R R .
(7)
Ssys  Socn
For the non-conservative chemical species SRP, its nonconservative flux is defined as SRP=∑output–∑input.
Therefore,
SRP=VR×SRPR+|VE|×SRPE–VQ×SRPQ–VO×SRPO–VP×SRPP
–VX×(SRPocn–SRPsys).
(8)
If we ignore evaporation, precipitation and other freshwater
input, eq. (8) can be simplified as
SRP=VR×SRPR–VX×(SRPocn–SRPsys)–VQ×SRPQ.

(9)

All calculation procedures and intermediate results are
shown in Table 4. If SRP is positive, SRP is added by the
system. Otherwise, SRP is removed from the system [48].
As shown in Table 4, SRP was generally added in the
JRE. The highest SRP was 0.58 mol s1 in July 2010, and
the second highest SRP was 0.32 mol s1 in August 2008.
Low SRP levels between 0.06 and 0.18 mol s1 were obtained in dry seasons.
Based on real-time water discharge and the SRP data
shown in Tables 2 and 4, the linear regression equation (with
zero intercept) of non-conservative fluxes of SRP against
weekly water discharge is obtained: ∆SRP= 0.000507×
Q(R2=0.92). From a similar procedure to Section 3.1, we obtained a mean non-conservative SRP flux of 0.16×103 t a1.
(3) Comparison between riverine fluxes and estuarine
export fluxes. Table 5 summarizes the nutrient flux estimation. It is clear that the riverine DIN and DSi fluxes were
equal to the estuarine export fluxes (relative deviation <2%).
This is obviously because both DIN and DSi were conservatively mixed in the estuary (Figure 4(d),(f)). However,
since SRP is a non-conservative chemical species in the
JRE (Figure 4(e)), its estuarine export flux was 30% higher
than the riverine SRP flux (Table 5). Based on the mass
balance method, we obtained the additional flux of SRP at
0.16×103 t a1 in the JRE (Section 3.2). If we add the addi-
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tional SRP flux to the SRP riverine flux (Section 3.1), a
SRP flux of 0.79×103 t a1 is obtained. This value is very
close to the estuarine export flux of SRP (0.82×103 t a1)
estimated via the estuarine export effective concentration
(Section 3.2). Therefore, the above-estimated fluxes of SPR
are all reasonable.
3.3

Significance of nutrient fluxes from Jiulong River

We calculated the areal yield rates of DIN, SRP and DSi
from the Jiulong River based on the riverine fluxes (Table 5)
and the watershed area datum. These rates were 2.3×103 kg
N km2 a1 (1.7×103 kg N km2 a for NO3-N), 42 kg P km2
a and 4.8×103 kg Si km2 a. As shown in Figure 7, the
areal yield rate of NO3-N from the river was very high
compared to major world rivers. Although it was lower than
the Ganges and Danshui Rivers, which are in tropical and/or
subtropical Asia, their human NO3-N productivities per
person are at similarly high levels (Figure 7). We make
comparisons to several large rivers in China [41], as follows.
Although water discharge of the Jiulong River is only 1.1%
that of the Yangtze River, 2.5% that of the Pearl River, and
21.8% that of the Minjiang River (Fujian Province, China),
areal DIN and SRP yield rates from the Jiulong River

Figure 7 Relationship between areal NO3-N yield rates and population
densities in major world river basins, modified from [49]. The Jiulong
River is shown as open rectangle based on this study. Update data of
Yangtze, Huanghe, Pearl and Danshui watershed are based on references
[41,50]. Line a denotes 1 kg N person1 a1; line b 10 kg N person1 a1; and
line c 100 kg N person1 a1.

Table 4 Water excharge rates VX (m3 s1), SRP fluxes (mol s1) and non-conservative fluxes of SRP (SRP, mol s1) in the nutrient budget model for JREa)
Cruise

VX

FQ=VQ×SRPQ

FR=VR×SRPR

FX=VX×(SRPocn–SRPsys)

SRP

2008-08

462

1.10

0.96

–0.46

+0.32

2008-11

152

0.32

0.32

–0.10

+0.10

2009-05

182

0.48

0.40

–0.14

+0.06

2009-06

388

1.03

0.84

–0.37

+0.18

2010-07

814

1.89

1.66

–0.81

+0.58

2011-01

373

0.63

0.62

–0.11

+0.11

2011-04

328

1.28

1.08

–0.39

+0.18

a) Negative values mean removal; positive values mean addition.
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Summary of nutrient flux estimation in this study (Unit: 103 t a1)

Riverine fluxes
Estuarine export fluxes
(effective concentration method)
Non-conservative flux
(mass balance method)

FDIN

FSRP

FDSi

34.3

0.63

72.7

34.8

0.82

71.6

N/A

0.16

N/A

watershed are respectively 4.1 and 7.1 times those from the
Yangtze River watershed, 2.4 and 2.4 times those from the
Pearl River watershed, and 3.1 and 1.7 times those from the
Minjiang River watershed. Thus, potential influences of
nutrients exported from the JRE should be seriously assessed when considering N/P budgets in the coastal zone of
southeast China.
The areal yield rate of DSi in the Jiulong watershed is 1.9
times greater than that in the Yangtze basin and 0.7 times
greater than that in the Pearl basin. This is consistent with
the silicate-rich Jiulong geography. The neighboring Minjiang watershed (another medium-large river system in Fujian Province of China) is also characterized by a similar
areal DSi yield rate of 5.0×103 kg Si km2 a1 [41], owing to
a similar regional geology and weathering background.
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river-estuarine systems that are controlled by similar influences of the East Asian monsoon and human activities. The
Yellow River Estuary of North China shows simultaneous
declines in water discharge [51] and nutrient fluxes. The
Yangtze Estuary of East China shows increasing N/P fluxes
and decreasing DSi flux [4–7], while its water discharge
demonstrates no significant changes. It is not clear what
mechanisms control this geographic variation in Chinese
river-estuarine systems. This uncertainty calls for more investigation.
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Weiran Pan for their constructive discussion and background materials.
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4 Summary and implications
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This study illustrates the distribution, fluxes and decadal
changes of nutrients in the subtropical Jiulong River Estuary
(JRE) of southeast China, a strong tidal estuary heavily influenced by growing human activities over the last three
decades. Quasi-conservative behavior was found for NO3-N
and DSi in the JRE, both of which showed higher concentrations in the dry season than in the wet season for the
freshwater end-member. The distribution of NH4-N has significant seasonal variation, demonstrating a conservative
behavior in the dry season and removal in the wet season. In
areas with salinity <25, SRP remains relatively stable (1.0–
2.0 mol L1), but is rapidly diluted by seawater in higher
salinity zones.
Riverine DIN and DSi fluxes into the estuary were
34.3×103 t N a1 and 72.7×103 t Si a1, respectively, showing
no marked differences from estuarine export fluxes into the
sea (i.e. 34.8×103 t N a1 and 71.6×103 t Si a1). However,
the estuarine export SRP flux into the sea was 30% higher
than that entering the estuary, indicating significant SRP
addition within the estuary. The areal yield rate of NO3-N in
the Jiulong watershed is at the highest level compared with
major world rivers.
Notably, both N/P concentrations and fluxes have increased over the past decade in this subtropical estuary,
while both DSi level and flux have remained relatively stable. This finding is distinct from several other large Chinese
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