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Abstract: A large amount of terrestrial nutrients are discharged into the ocean through rivers.
However, the impact of seasonal hydrological variations on riverine nutrient concentrations and
fluxes remains unclear, especially in the medium-sized subtropical rivers that are highly influenced
by human activities. In this study, we investigated the monthly changes in nutrient concentrations
(soluble reactive phosphorus, SRP; dissolved silicate, DSi; and dissolved inorganic nitrogen, DIN)
in the North Stream (NS) and West Stream (WS) of the Jiulong River (JLR). The results show that
the concentrations of SRP and DSi in the NS and the WS displayed a similar seasonal variability,
which was different from the pattern of DIN. Hydrological conditions, chemical fertilizer loss and
biogeochemical processes are responsible for the seasonal changes in the nutrients in the two streams,
especially during extreme rain events. Nutrient concentrations in the NS exhibited a clockwise
trajectory along with river discharge during rain events, while a reverse pattern in the WS was
observed since it experienced a moderately long rain event. Different rainfall features between the
two main tributaries resulted in the majority of nutrients being exported at the start of the rain event
in the NS and the end of rain event in the WS. Indeed, the annual high flow (Q/Qm > 3) accounts
for ~17.3% of the annual nutrient flux in the JLR even though this period spans only ~4.0% of a year,
which suggests the importance of rain events on nutrient export in these subtropical rivers. Although
the annual fluxes of DIN and SRP in the JLR were smaller than many rivers worldwide, higher
areal yields of DIN and SRP were observed, indicating that the JLR is highly influenced by human
activities. Our study systematically evaluated the response of nutrient concentrations to hydrological
changes in two tributaries of the JLR, which is useful in better understanding the nutrient dynamics
in medium-sized subtropical rivers.
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1. Introduction

Nutrients in coastal ecosystems, including dissolved inorganic nitrogen (DIN), soluble
reactive phosphorus (SRP) and dissolved silicate (DSi), are mainly sourced from riverine
inputs [1-3], which can directly control the level of marine primary productivity [3-5]. Due
to human activity and climate change [6-8], riverine nutrient inputs in the ocean have
increased several times since the preindustrial era [9,10], with the majority transported into
the ocean during storm events [11-17] and accounting for up to 50% of the annual nutrient
fluxes [18-20]. In East Asia, increased riverine nutrient inputs can be transported into the
estuaries and their adjacent coastal areas by the higher frequency of tropical cyclones and
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extreme storms [21]. Therefore, it is necessary to study the way in which nutrients respond
to hydrological changes, such as storm events, in order to improve our understanding
of nutrient dynamics and provide scientific information for model predictions and the
management of aquatic ecosystems.

Previous studies on nutrient dynamics have focused on large rivers, such as the
Yangtze River [22-24], the Yellow River [22,25,26] and the Mississippi River [27-29], rather
than medium- and small-sized rivers (catchment < 10,000 km?). However, medium- and
small-sized rivers in tropical and subtropical regions can transport large amounts of nu-
trients into the ocean since they are more numerous (~44,975 in China) and generally
characterized by high areal yields of nutrients caused by human activities [30]. Addition-
ally, medium- and small-sized rivers are able to respond more quickly to climate change
compared to large rivers because of their smaller catchment areas and shorter residence
times [30].

The Jiulong River (JLR) is a medium-sized river in Southeast China that experiences
eutrophic conditions caused by intensive human activities, such as agriculture, livestock,
urban land use and dam construction [31,32]. It is also highly influenced by subtropical
monsoons [33] and thus, large amounts of terrestrial nutrients can be pulsed from drainage
basins into the river during extreme rain events [13-16,34]. Recent studies on the response
of nutrients to hydrological events in the JLR have mainly focused on either one simple
element (P or N) rather than all nutrients or on an investigation area only covering one
of the streams [18,19,34-37]. In the context of accelerating climate change, it is necessary
to study the response of all nutrients to hydrological changes (especially rain events) and
compare the nutrient dynamics of the different tributaries. Therefore, we investigated the
concentrations of nutrients in the two tributaries of the JLR (the NS and the WS) monthly
from February 2014 to March 2015, including an extreme rain event (21-24 May 2014)
during which high-resolution sampling was conducted. The objectives of this study were:
(1) to explore nutrient dynamics in response to different hydrologic events in a medium-
sized subtropical river, including seasonal hydrological changes and rain events; (2) to
quantify the contributions of rain events to annual nutrient exports.

2. Material and Methods
2.1. Study Area

The NS, with a length of 285 km and a basin area of 9803 km?, is the largest tributary
of the JLR and flows through five cities (Longyan, Zhangping, Changtai, Huaan and
Zhangzhou). Longyan city, located along the upper reach of the NS, has a population of
over 0.5 million and a large number of livestock that discharge excessive nutrients into
the stream [31,32]. Additionally, over 60 dams have been constructed along the NS for
hydropower and agricultural irrigation [32,38]. The WS has a length of 175 km and a
drainage area of 3964 km?, covering Pinghe, Nanjing, Zhangzhou and Longhai city. Land
use in the upper reaches of the WS is mainly dominated by cropland production that uses
large amounts of inorganic fertilizers and manure [20,30,32,35]. However, in the middle
reaches of the WS, there are some industrial food processing factories and villages in
addition to the presence of agriculture. In the lower reaches, domestic waste is the main
source of nutrient pollution due to the dense population (~0.8 million) [35]. Compared to
the NS, fewer dams have been constructed along the WS [32]. The total river discharge
in the JLR is up to 1.22 x 10'® m3, of which two thirds comes from the NS and one third
from the WS [39]. Thus, the main sources of nutrients in the two tributaries are obviously
different due to their variations in agricultural levels, densities of population and river
discharge.

2.2. Sample Collection

From February 2014 to March 2015, surface water samples were collected monthly
from the Guokeng Bridge (117.73° E, 24.56° N) in the lower reaches of the NS and the
gauging station (Shuixianhua Bridge, 117.63° E, 24.51° N) on the WS (Figure 1). During the



Water 2022, 14, 834

30f22

rain event (21-24 May 2014), a higher sampling frequency (at an interval of 2-3 h in the NS
and 2 h in the WS) was established to trace the response of nutrients to the hydrological
change. Water samples were collected using 5 L Niskin bottles in both the NS (n = 22)
and the WS (n = 16). The water samples were filtered through 0.45 pm cellulose acetate
membranes. Ammonium (NH4-N) and DSi samples were stored in a refrigerator at 4 °C,
while the nitrite (NO,-N), nitrate (NO3-N) and SRP samples were preserved in a freezer at
—20 °C. For the total suspended matters (TSM), the water samples were filtered through
pre-weighed 0.7 um GF/F glass fiber filters (Whatman) that were pre-combusted at 450 °C
for 5 h.
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Figure 1. Sampling map. The precipitation data were collected from gauging stations (gray circles).
The surface water samples were collected from the Guokeng Bridge on the NS and the Shuixianhua
Bridge on the WS (red stars). The red circles represent surrounding cities in the watershed. Yellow,
purple and green indicate the NS, WS and South Stream watersheds, respectively.

2.3. Data Analysis

The concentrations of NO,-N, NO3-N, SRP and DSi were determined using an AA3
Auto-Analyzer (Bran+Luebbe Co., Hamburg, Germany) [40]. The concentrations of NH;-N
were measured using a Tri-233 continuous Auto-Analyzer [40]. Detection limits were
0.1 umol N L™! for NO3-N, 0.04 umol N L~! for NO,-N, 0.5 umol N L™! for NH,-N,
0.08 umol P L~! for SRP and 0.08 yumol Si L~! for DSi. N otably, the concentrations of the
above three N variations were summed up and are shown as DIN (DIN = NO3-N + NO;-N
+ NHy4-N) throughout the whole of this main text. The net weight of particles on the GF/F
filters divided by the volumes of filtered water produced the concentrations of TSM.

2.4. Runoff Data Sources and Nutrient Flux Calculations

Daily runoff during 2014-2015 was collected for the gauging stations (Punan station
for the NS and Zhengdian station for the WS) from the website of the Bureau of Hydrology,
Ministry of Water Resources, China (http://xxfb.hydroinfo.gov.cn, accessed on 13 March
2015). Hourly rainfall data during the rain event were obtained from the website of the
Fujian Provincial Water Resources Bureau (http:/ /www.fjwater.gov.cn, accessed on 24 May
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2014), collected from Longyan city (NS) and Zhangzhou city (WS). The rain event was
divided into the rising limb of the hydrograph and the falling limb of the hydrograph based
on peak discharge.

Riverine nutrient fluxes in the two tributaries were estimated using Equation (1), as
described in a previous study [41]:

where F represents the nutrient flux (mol P s~ ! for SRP, mol Si s~ ! for DSi and mol N s~!
for DIN), G; is the nutrient concentration (umol P L~! for SRP, umol Si L~ for DSi and
umol N L~! for DIN) and Qj is the instantaneous river discharge (m3s71).

A liner regression with a zero intercept was built by plotting F; against Q;, which could
provide a simplified equation representing the relationship between river discharge and
nutrient flux, following Equation (2):

F=a x Q @)

where a is the correlation coefficient between riverine flux and river discharge (Figure S1).

During the rain event, river discharge remained relatively steady within one-hour
increments although it was variable throughout a whole day. The instantaneous nutrient
loads could be obtained by multiplying the instantaneous discharge (Q;, m® s~!) by the
interpolated nutrient concentrations between the sampling intervals [19]. Then, the hourly
nutrient fluxes were estimated by multiplying the instantaneous nutrient fluxes by 3600 s.
By summing up all hourly nutrient fluxes within one day, the daily nutrient fluxes (Fqaiy-1,
mol P for SRP, mol Si for DSi, mol N for DIN) during the rain event were obtained following
Equation (3):

24
Faaity-1 = _(Q;x Ci x 3600) 3)
i=1
where C; is the concentrations calculated by the linear interpolation. The sum of the daily
nutrient fluxes during the whole rain event represents the nutrient fluxes exported during
the rain event. Similarly, the sum of the daily nutrient fluxes during high flow (Q/Qm > 3)
over the whole studied year represents the annual nutrient fluxes exported under high
flow conditions.

Compared to the rain event, river discharge during non-rainfall periods was generally
stable. Therefore, we assumed that river discharge remained steady during non-rainfall
periods. In this case, the daily nutrient loads (Fqajly.2, mol P for SRP, mol Si for DSi, mol N
for DIN) were calculated using Equation (4):

Faaity-2 = Fj x 3600 x 24 @)

The sum of all daily nutrient fluxes represents the yearly nutrient fluxes (Fsgp for
mol P, Fpg; for mol Si, Fpry for mol N). For ease of comparison to the results from other
studies, all nutrient fluxes (Fsrp for kg P, Fpg; for kg Si, Fpyn for kg N) were transformed
into the unit of kg by multiplying by the molar mass of each element (31.0 g mol~! for P,
28.0 g mol~! for Si, 14.0 g mol ! for N).

Correlations among different parameters were determined by Kendall’s correlation
in SPSS Statistic 25. The Student’s t-test was used to analyze the significance of the two
sets of data. The variabilities of the nutrient concentrations and fluxes were determined
by the one-way analysis of variance in SPSS Statistic 25, which was separated at the 5%
significance level.
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3. Results
3.1. Hydrology

The range of daily average runoff (0.00-0.79 mm h~!) in the NS was similar to the
WS (0.02-0.84 mm h~!) and exhibited an obvious seasonal variability (ANNOVA, p < 0.05)
(Figure 2a,b). In general, the daily runoff was higher in spring and summer than autumn
and winter due to the high frequency of plum rain in late spring and typhoons in late
summer. Therefore, most of the high flows (Q/Qm > 3) appeared in spring and summer.

North Stream West Stream
1.00
() .
rain event (b)
- :
T rain event
'; 0.75
g
g
£ 0.50
=
Z
I
=
H | |
. [WA"F “‘M‘
[ o B o BT s e s s S s S S S L3¢ ) i
P R EERE R ol T 0 T T T B O s
[ I T " ol R - el T LR o B B o [s0) ) J —
ggzgs 2= zE88 ggs §ssg8=z- oz
T T T T T F ¥ S+ T T U Ny - T T = T T T T T T M WG
b B A B e B B B e, o S, e SR s S S, o S — - - Lo e S e e e, B e S e B e, B e e el
LI B I I I L e S L I T L B A ] L I S I o B o B I B S o )
Date Date
1.50 10
Runoff
~ 125 Rainfall (© (@
T i
= F rg =
E -
E 100 g
= F6 =
E =
5 075 <
£ £
=z r4 E
s )
2 050 Z
= s
_ 2 E
0.25 matmg 141117 o
0.00 T T T 0
= = = = = 2 2 = < 2
S T it 5 < = . = = =
= = = < 3 = = = = “
—_ a ) -+ o — ] I -+ <<
3 a o a b a « o a 2
i i i I a9 5 " v i “
v w
Date Date

Figure 2. The daily average runoff in the NS (a) and the WS (b) during the investigation period. The
hourly runoff in the NS (c) and the WS (d) during the rain event. The dashed orange lines represent
Q/Qm =3.

It is worth noting that the rain event was the first strong rainfall after the dry season
and the largest rainfall in 2014 [42]. The variability of the hourly runoff during the rain event
was larger than the non-rainfall period in both tributaries, with a range of 0.1-0.8 mm h~!
and 0.2-1.3 mm h™! in the NS and WS, respectively. As shown in Table 1, the hydrologic
parameters of rainfall duration time, peak runoff, mean hourly runoff and soil moisture
(antecedent precipitation index, API) in the NS were all lower than in the WS. Thus, the
cumulative runoff in the NS was lower than in the WS. However, the rainfall intensity (the
sum of rainfall divided by the rainfall duration time) in the NS was higher than in the WS.
Although the timing of the peak runoff in the NS occurred 33 h earlier than in the WS, the
former had a lag time (22 h) between the peak rainfall and peak runoff that was similar
to the WS (24 h). This suggests that the rainfall mainly shaped the characteristics of the
runoff, depending on the soil moisture conditions before the rain event [13].
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Table 1. The characteristics of the rainfall and runoff in the two tributaries during the rain event.

Rainfall .
Duration Rainfall Mean Peak Runoff Cumulative
River . Intensity Runoff _ Time Lag (h) API (mm)
Time - - (mm h—1) Runoff (mm)
(h) (mmd—1) (mm h—1)
North Stream 81.0 50.0 0.4 0.8 22.0 37.2 76.9 (IIT)
West Stream 87.0 379 0.5 1.3 24.0 43.6 81.3 (III)

Note: Antecedent precipitation index (API) values were sourced from a previous study [42] and can be divided
into three levels: I (dry): 0 mm < API < 15 mm; II (average): 15 mm < API < 30 mm; III (wet): API> 30 mm [43].

3.2. Temporal Variations in TSM and Nutrients

TSM concentrations varied widely in the NS from 7.3 to 693.2 mg L~ (average =
219.7 4 258.4 mg L1, n = 18) and ranged from 7.4 to 221.4 mg L~! (average = 48.3 +
58.5 mg L1, n=13)in the WS (Figure 2). The range of TSM during late spring and early
summer in both streams (29.4-693.2 mg L~! in the NS and 22.6-221.4 mg L~! in the WS)
was 3-115 times larger than during the winter and early spring (6.0-12.0 mg L~! in the NS
and 7.4-12.0 mg L~! in the WS). The maximum TSM concentrations (693.2 mg L~! in the
NS and 221.4 mg L1 in the WS) were observed during the rain event. The annual average
concentration of TSM in the NS (219.7 + 258.4 mg L~!, n = 18) was five times higher than
that in the WS (48.3 £ 58.5mg L1, n = 13).

The nutrient concentration patterns were different from TSM but the SRP concentra-
tions in both streams showed a similar pattern. First, a decrease in spring, then fluctuating
levels in summer, followed by a decline in autumn and finally, a continuous increase
from winter to the following spring (1.7 umol P L~! to 3.0 umol P L~! for the NS and
3.3 umol P L1 t0 5.9 umol P L~ for the WS) (Figure 3b,f). The annual mean concentrations
of SRP in the NS (2.1 & 0.1 pmol P L=, n = 22) were significantly lower compared to those
in the WS (5.4 £ 2.8 umol PL~1, n = 17).

The temporal variations of DSi were different from SRP in both streams (Figure 3c,g).
The DSi concentrations in the NS clearly decreased in spring, then increased continuously
from summer to autumn, followed by a decline during winter. A similar pattern of DSi
was observed in the WS. In addition, the minimum and maximum values of DSi occurred
in the late spring and autumn in both streams, respectively. Overall, the annual average
DSi concentrations in the NS (191.2 + 37.3 umol Si L™1, n = 22) were lower than those in
the WS (276.0 + 61.3 umol SiL~!, n = 17).

In the NS, the concentrations of DIN varied slightly between 240.4-276.7 umol N L1
in the early-middle spring, sharply decreased to a minimum value of 140.2 pumol N L~!
in the late spring and then continuously increased from summer to the following spring,
with a maximum value of 381.2 umol N L~! (Figure 3d). The temporal variability of DIN
concentrations in the WS was different from that in the NS (Figure 3h). DIN concentrations
in the WS varied widely between 422.9-608.4 umol N L~ in the early-middle spring, then
decreased until the early autumn and finally, increased to 462.4 pumol N L~! in winter
(Figure 3h). The annual mean concentration of DIN in the NS (204.8 £ 66.1 pmol N L1,
n = 22) was lower than that in the WS (416.2 & 113.7 umol N L1, n = 17).
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Figure 3. Temporal variations in riverine TSM and nutrients in the NS (a—-d) and the WS (e-h): (a,e)

are TSM concentrations, (b,f) are SRP concentrations, (c,g) are DSi concentrations and (d,h) are DIN

concentrations. The gray shading represents the daily average runoff. The green, red, blue and white

bars indicate spring, summer, autumn and winter, respectively.

In summary, concentrations of TSM and nutrients in the two tributaries differed
temporally. During the whole investigated period, the annual average values of daily
discharge and TSM in the NS were higher than those in the WS, while the mean values of
all nutrient concentrations were lower in the former compared to the latter.
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Hourly runoff (mm h™)

Hourly runoff (mm h

3.3. Temporal Variations of TSM and Nutrients during the Rain Event

To better understand the responses of nutrients to rainfall, the variations in TSM and
nutrients during the rain event were plotted separately (Figure 4). The TSM concentrations
in the NS showed a slight decrease from 100 mg L~! at the start of the rain event to
63.7 mg L~! within the first 6 h and then increased significantly to 462.5 mg L~! as the
discharge rose rapidly. TSM continued to increase until 2 h after peak discharge to a
maximum of 693.2 mg L1, then finally decreased to 185.3 mg L~! at the end of the rain
event (Figure 4a). In contrast, The TSM concentrations in the WS continuously increased
from 41.5mg L~ ! to211.4 mg L~!, which was different from the pattern in the NS (Figure 4c).
Additionally, a hysteresis was observed between the peak TSM concentration and the
peak discharge in both streams. Overall, the range of TSM concentrations in the NS
(63.7-693.2 mg L~ 1) was larger than that in the WS (41.5-221.4 mg L~ 1) and the mean
concentration (383.1 & 245.1 mg L~!, n = 10) in the former was higher compared to the
latter (568.6 &= 120.0 mg L~1, n = 6).
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- r 800 T r 250
' - 600~ 1 r200 -
o 150
- 400 E 3
= F100 =
L 2 z

200 -

0 l 0

- 190 3.2 600 7 ¢ - 260

180 ~ 28 ~: . 240 ~
L S : |5

170 = | 5, 2 = 220 2
L1600 2 e Z 400 200 Z
S 20 E g » S
150 £ 2 £ 300 4 L180 E
T Fl16 s 2
r 140 & & Z F 160 3
a : a 200 a

130 rl2 200 - 140

120 L 0.8 100 - 120

5.21 0:00

5.220:00

5.230:00
5.24 0:00
5.24 23:00
5.210:00 {77
5.220:00
5.230:00
5.24 0:00
5.24 23:00

Time

5
=
3

Figure 4. Temporal changes in TSM and nutrients during the rain event in the NS (a,b) and the WS
(c,d). The gray shading represents the hourly runoff.

The patterns of nutrient concentrations in the NS were different from those in the
WS (Figure 4b,d). Nutrient concentrations in the NS increased slightly within the first
2 h of the rain event. As the hourly runoff increased, the DIN concentrations decreased
sharply from 176.4 umol N L~ to 140.2 umol N L~! within 18 h, then gradually increased
to 151.6 pmol N L~! at the end of the falling hydrograph. The pattern of SRP was similar to
that of DIN. Notably, the minimum SRP concentration was reached ~4 h later than the DIN
minimum. The DSi concentrations were more variable compared to those of SRP and DIN;
specifically, the DSi concentrations varied between 171.2 umol Si L~! and 180.0 umol Si L~!
within the first 21 h, then fluctuated with an overall decrease to 135.8 pmol Si L~! during
peak discharge, increased gradually to 145.8 umol Si L' and then decreased again at the
end of the rain event.

Compared to the nutrient concentration patterns in the NS, similar patterns were
observed in the WS (Figure 4d). The ranges of SRP (7.6 umol P L~! to 1.8 umol P L)
and DIN (428.7 umol N L~! to 149.0 umol N L™!) significantly decreased within the first
22 h, then increased to 5.0 pumol P L~! for SRP and 459.3 pumol N L~ for DIN at the peak
runoff. Finally, the SRP concentrations decreased to 2.8 umol P L~! but DIN continuously
increased to 539.8 pumol N L1 at the end of the rain event. However, the DSi concentrations
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in the WS increased in the first 2 h, then showed a similar pattern to those of SRP during
both the rising and falling limbs of the hydrograph.

Overall, the average nutrient concentrations in the NS (SRP, 1.8 = 0.6 pmol P L~ L Dsj,
157.9 £+ 17.5 umol Si L~1; DIN, 154.1 + 14.6 umol N L~!; n = 10) were lower than those in the
WS (SRP, 4.8 4 2.3 umol PL~1; DSi, 211.1 4 39.2 umol Si L~1; DIN, 400 + 132.2 pumol N L—1;
n = 5) during the rain event (Figure 5b,c) (ANNOVA, p < 0.05).

14 400
BB North Stream
0 West Stream
12 {1 —-°— Discharge of the NS
—-0— Discharge of the WS
300
10 Iy .
— \ =~
- / \ T
= / \ i
=~ 8 // \ E«
g / % 200 &
S 3
= 6 \ =
=0} \ 2]
% / l A\ =
» =]
! ' - 100
e N
v N -\
2 | \'
0 T 0
400 = 400
350 l
R 300
A0
-~ 300 1 1\ B
o / g
? I/ \\ ' ?E;
E 2501 / \l : 0 &
2 / =
= - / \ Pl
@ / \ [ ] 24
iy :
i S 100
~
1] v N .
o ———-0
100 0
650
540 -
A
/ A\
e ,I -
= 430 A 2
Z / X B
£ / \ ? &
2 / \ g
z 301 M/ 5 l £
= \ a
e
7 5 \ D
b ~
210 o . ! -
o ———-0
100 T T T
g & ¥ ¥ ¢
K 6@ & Q‘
< D
&
Season &
&
&

Figure 5. Seasonal changes in nutrients ((a) DIN, (b) SRP and (c) DSi) and river discharge in the NS
and WS during the non-rainfall period. The red and gray shaded areas represent the overall changes
in nutrients during the non-rainfall period and rain event, respectively. The black and bold black
horizontal lines in the boxes indicate the median and the mean, while the two horizontal lines at the
ends of the box sides represent the third and first quartile.
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4. Discussion
4.1. Seasonal Variations in Nutrients during the Non-Rainfall Period

There were obvious seasonal variations in discharge in the two JLR streams during
the non-rainfall period (Figure 5a), with the maximum average value in summer and the
minimum in winter. Overall, the average discharge of all four seasons in the NS was
about twice those in the WS. The concentrations of SRP, DSi and DIN also showed the
clear seasonal variability of both streams (Figure 5), but they were different from the river
discharge.

SRP in the NS had a seasonal pattern that was similar to that in the WS (Figure 5a); how-
ever, the average SRP concentrations for all seasons in the NS were lower than those in the
WS. The highest average SRP concentrations were observed in spring (3.4 & 1.6 umol P L~}
in the NS, n =3, and 7.8 + 1.6 umol P L™! in the WS, n = 3), followed by winter, with
mean values of 2.6 = 1.5 ymol PL~! (n = 3) in the NS and 6.8 + 1.5 umol PL~! (n = 3) in
the WS. The lowest average SRP concentrations occurred in autumn (1.2 + 0.1 pmol P L1
in the NS, n = 3, and 3.0 + 0.5 umol P L~! in the WS, n = 3), with slightly higher values
2.0+ 0.4 pmol PL~1in the NS, n = 3, and 5.0 + 0.8 pumol P L~! in the WS, n = 3) in sum-
mer. Based on the relationship between river discharge and SRP concentrations (Table 2),
we found that river discharge was not responsible for the decreased variability. Another
influencing factor of the inorganic adsorption processes during the dry season was related
to the removal of SRP from the JLR [35], resulting in the lower concentrations in autumn
and winter. Alternatively, seasonal changes in phytoplankton biomass could have partly
contributed to the seasonal variability of SRP due to phytoplankton assimilation. Higher
phytoplankton biomass was observed in summer and autumn compared to winter and
spring [44,45]. Additionally, the excess fertilizer from agricultural land also increased SRP
concentrations [35], which was consistent with the higher average value of SRP in the two
tributaries during spring and the lower overall SRP concentrations in the NS than in the
WS since the application of P fertilizers in the upper reaches of the WS (34,854 kg) exceeded
that in the NS during 2014 (derived from the Yearbook of Zhangzhou and Longyan). The
seasonal changes in SRP in the JLR were different from other large rivers, which are mainly
controlled by the dissolution of parent rocks via discharge and biological uptake. For exam-
ple, the lowest and highest average values of SRP in the Yangtze River were observed in
spring and autumn, respectively [22,23,46]. They are highly consistent with the variability
of river discharge and phytoplankton uptake. In summary, the seasonal variability of SRP
in the JLR was mainly driven by the application of P fertilizers, followed by phytoplankton
uptake and inorganic adsorption processes.

Table 2. Kendall’s correlation coefficients between river discharge and nutrient concentrations during
the non-rainfall period and rain event in the NS and WS of the JLR.

Variables Stream Non-Rainfall Period Rain Event
. NS —0.03 —0.69 **
Discharge versus SRP WS 0.33 ~032
. . NS —0.68 * —0.24
Discharge versus DSi WS _0.545 * —0.11
. NS —0.70 ** —0.79 **
Discharge versus DIN WS 0.18 0.32

¥p <005, p < 0.01.

The seasonal variability of DSi concentrations in the NS was similar to that in the WS,
with autumn > winter > spring > summer (Figure 5b). The maximum mean concentrations
of DSi appeared in autumn (214.8 + 21.3 umol Si L~! in the NS and 317.5 & 22.6 pmol Si L~}
in the WS, n = 3) while the minimum average value was observed in summer (188.3 £ 9.3
umol Si L~! in the NS, n = 3, and 247.6 + 31.3 umol Si L~! in the WS, n = 3). Based on
the statistical analysis (Table 2), over 50% of the seasonal variability of DSi concentration
was caused by the changes in river discharge. This was consistent with opposing seasonal
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trends (excluding autumn) between DSi concentrations and river discharge (Figure 5b),
indicating a dilution effect of river discharge on nutrient concentrations. The riverine
DSi was also influenced by land use/coverage changes, which could account for over
40% of DSi fluxes in other regions, e.g., many rivers located in southern New England,
USA [47]. The DSi concentrations in the JLR were positively correlated with the percentage
of croplands but negatively correlated with the percentage of forest because the former can
accelerate silicate erosion from soils while the latter retains DSi in soils [38]. Thus, the high
coverage areas of paddy fields (middle-season rice and late rice) in autumn likely led to the
higher DSi concentrations. Note that the high DSi uptake by phytoplankton in autumn was
offset by the supplementation of DSi from soil erosion [44,45]. Overall, the variability of
DSi concentrations in both streams was largely influenced by dilution from river discharge
and land use/coverage changes.

The seasonal variability of DIN concentrations was different from those of SRP and
D6Si (Figure 5¢). The seasonal changes in DIN concentrations in the NS (winter > spring >
autumn > summer) also differed from those in the WS (spring > winter > summer > autumn).
In the NS, the lowest average value of DIN appeared in summer (173.5 + 18.2 umol N L™},
n = 3), while the highest average value was observed in winter (300.8 & 26.8 umol N L1,
n = 3). In the WS, the lowest mean (317.5 £ 22.6 umol N L™!, n = 3) and highest mean
values (498.5 + 77.7 umol N L™, n = 3) appeared in autumn and spring, respectively.
The high correlation coefficients between DIN concentrations and river discharge in the
NS (Table 2) suggest the important role of river discharge in the seasonal variations of
DIN concentration, which was consistent with observations from the Padez stream [48].
However, we did not find a significant correlation between DIN and river discharge in
the WS (Table 2) and similar relationships were found between NH4-N and NO3-N [36].
Alternatively, N fertilizer loss from agriculture could contribute to the differences in the
seasonal patterns of DIN concentrations [49] because ~54% (in the NS) and ~78% (in the
WS) of riverine N are tied to N fertilizers [20,30]. The variability of DIN concentrations
in the two streams were potentially caused by the biological uptake of DIN, which was
consistent with the finding that high phytoplankton biomass corresponds to low DIN
concentration in summer and autumn [44,45]. Thus, the lowest DIN concentrations were
observed in autumn in the WS due to the minimal usage of N fertilizers [20] and the active
biological uptake. These seasonal variations of DIN were inversely correlated with the
Yangtze River, where the highest concentrations of DIN appeared in summer due to the
dissolution of pedogenic calcite and the loss of chemical fertilizer from soils [23]. Overall,
the seasonal variability of DIN in the NS was mainly driven by river discharge, while in
the WS, the DIN was co-influenced by N fertilizer application and biological uptake.

The annual mean concentrations of nutrients during the non-rainfall period in the NS
were only half of those in the WS (SRP =2.3 £ 1.2 umol P L~! vs. 5.7 4 2.9 umol P L1, DSi
=218.9 + 26.7 pmol Si L1 vs. 303.9 + 46.8 umol Si L~!, DIN = 247.1 + 65.5 umol N L~!
vs. 423.0 + 104.4 pmol N L~ in the NS vs. WS, respectively). In the whole JLR (the sum of
two tributaries), the average annual nutrient concentrations (SRP = 4.0 & 2.8 umol P L1,
DSi = 261.0 + 56.8 pumol Si L~! and DIN = 335.1 + 123.8 umol N L~ 1) were in agreement
with previous results obtained in 2016-2018 [35,37,50]. However, they were higher than
those in the Yellow River [25], the Yangtze River [23] and the Pearl River [51,52], indicating
that the JLR is eutrophic and highly influenced by human activities. The average annual
concentration of DSi in the JLR was 1-3 times higher than those in the large Chinese rivers
and global subtropical rivers [1], such as the Mississippi River, the Zaire River and the
Amazon River [26]. This was driven by the region’s high granite lithology coupled with the
subtropical monsoon, leading to high weathering rates and high SiO; in the JLR [38]. The
average SRP concentration during the rain event was comparable to measurements from
the non-rainfall period, but the mean values of DSi and DIN were lower in the former than
the latter, suggesting that DSi and DIN are more sensitive to dilution by river discharge
during high flow conditions than SRP [38].
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4.2. The Impacts of the Rain Event on Nutrient Dynamics: Concentrations and Fluxes

The effects of rain events on the nutrient dynamics in rivers are usually variable over
the course of development of the rain event [7,11,12,15]. In this section, we focus on the
responses of nutrients to the rain event and the differences between the two streams during
the rising and falling limbs of the hydrograph.

The changing trajectory of TSM and nutrients along with river discharge during the
course of development of the rain event (Figure 6) showed an obvious hysteresis effect, as
identified by the large differences in TSM and nutrient concentrations between the rising
and falling limbs of the hydrograph at a given discharge [18,53]. This suggests that the
dynamics of TSM and nutrients were different in the rising versus the falling limbs of the
hydrograph. Similar patterns were observed in the Swale River [54,55].
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Figure 6. The trajectory of TSM (a,e), SRP (b,f), DSi (¢,g) and DIN (d,h) values along with river
discharge during the rain event in the NS (a-d) and the WS (e-h).
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In the NS, the TSM concentrations displayed an anticlockwise trajectory along with
river discharge (Figure 6a), i.e., the TSM concentrations increased during the rising limb
of the hydrograph due to soil erosion and significantly decreased during the falling limb
of the hydrograph due to the dilution by river discharge. This suggests that the factor
influencing TSM varied as the rain event developed, which was similar to previous obser-
vations [56,57]. In contrast, the concentrations of SRP, DSi and DIN exhibited a clockwise
trajectory (Figure 6b—d). For example, DIN and SRP continuously decreased during the ris-
ing limb of the hydrograph but slightly increased during the falling limb of the hydrograph,
indicating a strong dilution effect by river discharge before peak discharge. Although
surface flow can also partially flush DIN and SRP from surface soils when API is high, the
strong dilution effect due to increased river discharge exceeded the supplemental effect
of the DIN and SRP added by surface flow. However, the dilution effect on SRP and
DIN concentrations was weaker than the supplementation from subsurface soils through
interflow during the falling limb of the hydrograph (Figure 6b—d). This was dependent on
the characteristics of the rainfall [18,19]. The short but intense rainfall before peak discharge
in the NS flushed more nutrients from subsurface soils into the stream by interflow during
the falling limb of the hydrograph. It was reported that large amounts of SRP were released
from soils into the streams due to the influence of an intense storm [18]. However, the
concentrations of DSi remained steady during the rising limb of the hydrograph, suggesting
that the dilution from river discharge was offset by other sources of DSi, such as the disso-
lution of Si-rich granite from the lower reaches of the stream [38]. A similar phenomenon
was observed in the Yangtze River, which showed that the erodibility of parent rocks in
the river basin could provide partial DSi supplementation during precipitation events [23].
The DSi concentrations decreased continually during the falling limb of the hydrograph
due to the dilution effect. The supplementation of DSi from the upper reaches through
interflow was likely limited since the upper reaches are rich in sedimentary rocks that are
characterized by low Si.

In the WS, the TSM concentrations showed an anticlockwise trajectory, which was
different from the NS pattern. The TSM concentrations rapidly decreased during the
first half of the rising limb of the hydrograph but increased during the second half of
the rising limb of the hydrograph and finally, declined through the end of rain event
(Figure 6e). This suggests that the dilution effect by river discharge dominated during
the first half of the rising limb of the hydrograph, while the supplementation from soil
erosion largely contributed to the increase in TSM during the second half of the rising
limb of the hydrograph. However, the supplementation from erosion was weaker than
the dilution by river discharge during the falling limb of the hydrograph. Similarly, there
was an anticlockwise trajectory for all nutrients (Figure 6f-h). The nutrient concentrations
decreased during the first half of the rising limb of the hydrograph and then sharply
increased during the second half of the rising limb of the hydrograph. The SRP and DSi
concentrations rapidly decreased again but the DIN concentrations continuously increased
during the falling limb of the hydrograph, implying that the nutrient dynamics were
largely driven by the dilution effect during the first half of the rising and falling limbs of
the hydrograph, except for DIN. However, there was another source to replenish nutrients
and this increased their concentrations during the second half of the rising limb of the
hydrograph. This was potentially due to supplementation from surface soils via surface
runoff due to its higher soil moisture content (API = 81.3), similar to our results in the
NS and a previous study [18]. However, the resuspension and remineralization of the
particulate organic N (PON) that accumulated along the dams during the rising limb
of the hydrograph could have added DIN and overcome the dilution effect during the
falling limb of the hydrograph. This was consistent with our observation of the highest TSM
concentration after peak discharge (Figure 4c) and was also similar to previous observations
from the same region [37]. Therefore, the resuspension and remineralization of PON is
likely a major source of DIN during flood seasons in rivers that are highly influenced by
dam construction.
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Overall, the nutrient dynamics during the rain event depended on the dilution effect
of river discharge, soil moisture, rainfall intensity, the dissolution of Si-rich granite and the
resuspension/remineralization of PON. The relative contributions of the above factors to
the nutrient dynamics could change as the rain event developed.

Hydrology therefore plays a vital role in the export of nutrients from rivers to es-
tuaries, as indicated by the significant correlations between nutrient fluxes and runoff
(Figures S1 and S2). The “first flush” effect is defined as the time when the majority of
nutrients are exported during the first 25% discharge from the rain event [58], which can
be divided into three levels: strong, >75%; moderate, 31-75%; no/weak, <30%. During
our investigated rain event, the “first flush” effect of nutrients was moderate in the NS
(SRP, ~40%; DSi, ~30%; DIN, ~30%) and weak in the WS (SRP, 26%; DSi, 22%; DIN, 17%)
(Figure 7). This difference could be attributed to the stronger rainfall intensity during the
rising limb of the hydrograph and lower API in the NS than in the WS, suggesting that
the pattern of nutrient export in the two streams was largely dependent on the rainfall
features [19,35]. The majority of nutrients loaded into the NS and WS (except for SRP) were
exported at the beginning and the end of the rain event, respectively (Figure 7). This is
supported by the observations that the cumulative nutrient loads in the NS all fell above the
1:1 line, but the cumulative DSi and DIN loads in the WS fell below the 1:1 line (Figure 7).
These findings imply that similar nutrients had different responses to the rain events in
the two streams, confirming the importance of the rainfall features and soil conditions
on nutrient dynamics [19,35,59]. Even within the same stream and during the same rain
event, different nutrients could also have different responses. For example, in the WS, the
majority of SRP loads were exported toward the start of the rain event, contrary to those of
DSi and DIN, because the excess application of P fertilizer in croplands can deliver partial
SRP into the stream through interflow [18,35]. Overall, the response of nutrients to the rain
event were highly associated with human interference and natural conditions, especially
the rainfall characteristics and soil conditions.

The nutrient fluxes were estimated to be 32.3 x 10* kg P yr—1, 31.8 x 10° kg Si yr~!
and 14.6 x 10° kg N yr! in the NS and 41.2 x 10* kg P yr~!, 18.9 x 10° kg Si yr~! and
18.5 x 10® kg N yr~! in the WS (Table 3). Note that the fraction of nutrients exported
during the high flow (Q/Qm > 3) in the monitored rain event were 3.8-4.2% in the NS and
4.4-4.9% in the WS, relative to the annual nutrient fluxes (Table 3), although the duration of
the high flow only accounted for 0.7-0.8% of the year (i.e., it lasted for 62-72 h). Meanwhile,
using the above extrapolation method, we calculated the fraction of annual high flow to
annual nutrient loads to be 16.3-16.6% in the NS and 17.7-18.2% in the WS (Table 3). This
implies that short-lived rain events play a vital role in riverine nutrient export in subtropical
rivers that are influenced by a monsoon climate [34].
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Figure 7. The relationship between the cumulative nutrient loads ((a) DIN, (b) SRP and (c) DSi)
and river discharge. The black line represents the 1:1 line, indicating that the nutrient loads were
proportional to the increase in river discharge. The datapoints above/below the 1:1 line indicate that
the nutrient loads were predominantly exported toward the start/end of the rain event, respectively.

Table 3. The fluxes and proportions of nutrient loads during the rain event.

Stream Discharge Fsrp Fpsi Fpin
(10° m®) (x10* kg Pyr1)  (x10°kgSiyr1)  (x10°kgNyr1)
NS 7.2 32.3 31.8 14.6
Annual WS 31 412 189 185
Monitored Rain Event NS 0.3 1.2 1.2 0.6
(High Flow) WS 0.2 1.9 0.9 0.9
Proportion NS 4.1% 4.2% 3.8% 41%
WS 5.1% 4.4% 4.8% 4.9%
, NS 1.2 5.3 5.2 24
Annual High Flow WS 0.6 7.4 34 3.4
Proportion NS 16.6% 16.6% 16.3% 16.6%
WS 18.3% 17.7% 18.1% 18.2%
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4.3. Comparison of Nutrient Fluxes between the JLR and Rivers Worldwide

The whole JLR (the sum of two tributaries) produced a total of 0.7 x 10° kg P yr~!
and 33.1 x 10° kg N yr—!, of which ~43.6% of SRP and ~44.2% of DIN was contributed by
the NS (Table 4). The contributions of the NS to the SRP and DIN fluxes were inconsistent
with its proportional contribution to annual river discharge (70.1%) due to the lower DIN
and SRP concentrations in the NS compared to those in the WS. This suggests that the SRP
and DIN fluxes were co-influenced by their concentrations and river discharge. Changes in
land use from forest to agricultural land can also increase nutrient concentrations and their
fluxes via increased chemical fertilizer loss from soil erosion [32]. Our estimated SRP and
DIN fluxes were of the same magnitude as previous reported results [32,36,41]. However,
the contribution of DSi fluxes from the NS (~62.7%) into the JLR (50.7 x 10° kg Si yr~!)
was highly consistent with its proportion of river discharge. This suggests that DSi fluxes
were mainly driven by river discharge when the average DSi concentrations were similar
between the two streams. Our estimated DSi fluxes were consistent with previous reported
results (72.7 x 10° kg Si yr~1!) [41]. Overall, the DIN and SRP fluxes into the JLR were
dominated by river discharge and their concentrations in the tributaries, while DSi export
was mainly driven by hydrology since it was more sensitive to the rain event compared to
SRP and DIN.

The nutrient fluxes in the JLR were generally smaller than those in other large rivers
worldwide (Table 4), except for the Yellow River as it has smaller catchment area and
lower river discharge. This suggests that nutrient exports in different rivers are generally
positively correlated with their catchment area and river discharge. However, the SRP
fluxes in the Yellow River, the Orinoco River and the Yangtze River were excluded since they
are also highly influenced by human activities, such as through SRP retention in particles
and sediments in the reservoirs [60,61] and the excess application of P fertilizers [31].
Likewise, the DIN fluxes are influenced by N chemical fertilizers [62,63]. For example,
although the Lena River has the same magnitude of river discharge as the Pearl River and
the Mississippi River, its DIN fluxes are much lower. The flux from the Lena River is only
0.3-1.4% of the two large rivers mentioned above since the Lena River is located on the
circumpolar latitude and remains pristine with fewer human activities.

Table 4. A summary of the annual nutrient fluxes (x10° kg) from worldwide rivers.

Catchment Discharge FSRP FDSi FDIN
(><104 ka) (X109 m3) (><106 kg P) (><106 kg Si) (><106 kg N) Reference
1
Amazon River 614.4 6300.0 307.2 32170 1376.3 [[6 4]]
Zaire River 401.5 1250.0 31.0 5775.0 126.0 [1]
Orinoco River 94.8 1200.0 74 2889.6 110.9 [1]
Yangtze River 180.9 928.2 5.3 2370.0 624.6 [23]
s 64
Mississippi River 322.1 536.1 106.3 837.5 1823.1 % 65{
1
Lena River 250 510.0 8.0 942.5 5.7 [[6 (}]
. [67]
Pearl River 59.0 482.1 5.6 1040.0 406.9 [68]
Yellow River 75.2 42.6 0.2 57.9 55.1 [25]
Jiulong River 14 10.3 0.7 50.7 33.1 This study

To eliminate the impacts of catchment area size, the DIN and SRP fluxes were normal-
ized to the yield per unit area (Figure 8). The results show that the areal yields of DIN and
SRP in the JLR were high compared to other major world rivers [25,68], even though its
catchment area is only 0.8% of the Yangtze River, 2.3% of the Pearl River and 1.9% of the
Yellow River. Similarly, the areal yields of DIN and SRP in the JLR were 4.3 and 7.7 times of
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the Yangtze River, both 2.5 times of the Pearl River and 11.3 and 500 times of the Yellow
River, respectively.
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Figure 8. The relationship between the areal yields of (a) DIN and (b) SRP and population densities
in worldwide rivers. The black dots, black triangles, and red dots represent the average areal yields
of DIN and SRP in large Chinese rivers [25,68], worldwide river basins [64], and the JLR (this study),
respectively. The black circles denote the areal yields of TN and TP in three large Chinese rivers [41].

Line I, line IT and line IIT in (a) denote 1 kg N person—!, 10 kg N person—! and 100 kg N person—!,

respectively, while in (b) they denote 0.1 kg P person_l, 1kgP person_1 and 10 kg P person_l,

respectively.

When considering the impacts of population density, about 10 kg of DIN per person
was exported into the JLR (Figure 8). This was lower than other large rivers worldwide
(such as the Mississippi River and the Amazon River) but higher than the three largest
rivers in China: approximately 16 times that of the Yangtze River and the Pearl River
and 120 times that of the Yellow River. Although SRP was exported at a lower level
(0.1 kg P person—!) compared to the Mississippi River, Amazon River and Seine River,
it was still a higher level than found in the three largest rivers in China. This suggests
that the JLR is a eutrophic river that is highly influenced by human activities. Such high
nutrient fluxes can be transported into the adjacent estuary and coastal areas and thus, may
lead to a series of environmental problems, including eutrophication and harmful algal
blooms [69,70], especially under the influence of the summer monsoon season. Our results
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will hopefully be helpful for understanding the nutrient dynamics in the subtropical rivers
within the context of climate change.

5. Conclusions

This study mainly detailed the nutrient dynamics in the two main distributaries of the
JLR under different hydrological conditions (a non-rainfall period and a rain event). The
seasonal variations of the nutrients were co-influenced by river discharge and its dilution,
the excess application of chemical fertilizers, land use changes and biological uptake
(Figure 9a). In detail, the seasonal changes in SRP in the two streams were dominated by
the overuse of P fertilizers, followed by biological uptake. The seasonal variability of DSi
concentrations in the two streams were mainly driven by dilution from river discharge and
land use changes. Similarly, dilution from river discharge together with excess N fertilizer
application dominated the seasonal variability of DIN in the NS. However, the seasonal
variability of DIN concentrations in the WS was mainly attributable to the overuse of N
chemical fertilizers, followed by biological uptake.

(a) Seasonal variations during (b) Trajectory during the rain event
the non-rainfall period

® @®

®
% 3 -
>

--------

©
© @

Biological uptake

Dilution of River discharge
Chemical fertilizers

Land use

The “first-flush” effect

«®
Surface runoff “'!"‘ @
Remineralization @

---------

Nutrient concertation
®
;-

River discharge

Figure 9. A conceptual diagram for the mechanisms controlling nutrient dynamics during (a) the
non-rainfall period and (b) the rain event. The red and green shading in (a,b) represent the NS
and WS, respectively. The solid and dotted lines in (b) represent the rising and falling limbs of the
hydrograph, respectively.

The responses of nutrients to the rain event were highly dependent on the rainfall
characteristics and soil moisture conditions, but the responses were different between the
two streams (Figure 9b). In the NS, the majority of nutrients were exported toward the
start of the rain event and showed a moderate “first flush” effect due to its stronger rainfall
and lower API compared to those in the WS. Specifically, the decline in SRP and DIN
concentrations during the rising limb of the hydrograph in the NS was driven by dilution
from river discharge and surface runoff, while their slight increase during the falling limb
of the hydrograph was mainly influenced by supplementation via interflow (Figure 9b).
In contrast, the DSi changes were controlled by surface runoff from the lower reaches,
where the bedrock is dominated by granite, and the dilution by river discharge during the
rising and falling limbs of the hydrograph, respectively. However, in the WS, the dilution
effects on SRP and DSi were offset by the supplementation from surface runoff during
the second half of the rising limb of the hydrograph due to the catchment’s higher soil
moisture content. The remineralization of the resuspended PON that accumulated along
the dams under base flow and at the beginning of the rain event likely partially added DIN
during the falling limb of the hydrograph in the WS. These mentioned factors in the JLR
are likely to occur in many subtropical river systems, although their relative intensities
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may have temporal-spatial variations. The use of this conceptual diagram could help us to
understand the mechanisms of nutrient dynamics and make it easier to compare between
different systems.

Lower fluxes in DIN and SRP and higher DSi fluxes were observed in the NS compared
to those in the WS. The fractions of annual high flow (Q/Qn > 3) to annual nutrient export
were estimated to be ~17.3% in the JLR, although the duration time of the high flow only
accounted for ~4.0% of the year. This highlights the importance of short-lived rain events
on nutrient exports in medium-sized eutrophic subtropical rivers.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /w14050834 /s1, Figure S1: Relationships between nutrient fluxes
and river discharge in (a) the NS and (b) the WS, Figure S2: Time series of nutrient fluxes in the NS
(a—c) and the WS (e—f). (a) and (d) are SRP fluxes, (b) and (e) are DSi fluxes, (c) and (f) are DIN fluxes.
Gray shading indicates the runoff.
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