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Abstract
The increase of affected river reaches by reservoirs has drastically disturbed the original hydrological conditions, and subse-
quently influenced the nutrient biogeochemistry in the aquatic system, particularly in the cascade reservoir system. To understand
the seasonal variation of nitrogen (N) behaviors in cascade reservoirs, hydrochemistry and nitrate dual isotopes (δ15N-NO3

− and
δ18O-NO3

−) were conducted in a karst watershed (Wujiang River) in southwest China. The results showed that NO3
−–N

accounted for almost 90% of the total dissolved nitrogen (TDN) concentration with high average concentration 3.8 ± 0.4 mg/
L among four cascade reservoirs. Higher N concentration (4.0 ± 0.8 mg/L) and larger longitudinal variation were observed in
summer than in other seasons. The relationship between the variation of NO3

−–N and dual isotopes in the profiles demonstrated
that nitrification was dominated transformation, while assimilation contributed significantly in the epilimnion during spring and
summer. The high dissolved oxygen concentration in the present cascade reservoirs system prevented the occurrence of N
depletion processes in most of the reservoirs. Denitrification occurred in the oldest reservoir during winter with a rate ranging
from 18 to 28%. The long-term record of surface water TDN concentration in reservoirs demonstrated an increase from 2.0 to 3.6
mg/L during the past two decades (~ 0.1 mg/L per year). The seasonal nitrate isotopic signature and continuously increased
fertilizer application demonstrated that chemical fertilizer contribution significantly influenced NO3

−–N concentration in the
karst cascade reservoirs. The research highlighted that the notable N increase in karst cascade reservoirs could influence the
aquatic health in the region and further investigations were required.
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Introduction

With the gradual growth of human demand for water source
for irrigation and hydroelectric power, increasing rivers have
been impounded to construct reservoirs (Zarfl et al. 2015).

Globally, about 58,000 large dams (height > 15 m) have been
built during the last 60 years (Mulligan et al. 2020), of which
41% global hydropower/reservoirs were built in China (Chen
et al. 2019). Globally, large rivers longer than 1000 km re-
maining free flowing over their entire length only accounted
for 37% and less than 23% of these large rivers are not
interrupted throughout their flow to the ocean (Grill et al.
2019). For this reason, the original ecological system in rivers
has been disturbed drastically, and the resultant environmental
effects have drawn increasing attention (Maavara et al. 2020;
Schmutz and Moog 2018). For example, water flow speed
decrease, the prolonging of hydraulic retention time (HRT,
capacity/average annual discharge), and the increase of water
level have resulted in sediment, nutrient trapping, and thermal
stratification (Winton et al. 2019), which altered the original
nutrient biogeochemical cycle and eventually increased the
risk to aquatic health (Maavara et al. 2020; Van Cappellen
and Maavara 2016;Wang et al. 2010). Moreover, such a
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situation is further complicated and remains unclear by the
fact that many reservoirs are built in cascade configurations,
especially in large rivers (Cheng et al. 2019; Ren et al. 2020;
Wang et al. 2010; Shi et al. 2020; Zhou et al. 2016).

Nitrogen (N) is one of the most important elements that
maintains the element and energy circulation in the river-
reservoir aquatic system. Elevated nitrogenous compound
concentrations in the aquatic environment would accelerate
algae growth and lead to eutrophication of freshwater systems,
which may have detrimental consequences for human and
ecosystem health (Finlay et al. 2013; Gao et al. 2019). The
increasing nitrogen flux and the changing N biogeochemistry
in the reservoir have drawn increasing attention from scientists
and policy makers (Akbarzadeh et al. 2019; Chen et al. 2020;
Harrison et al. 2009; Qin et al. 2020). Furthermore, N un-
dergoes a variety of biogeochemical processes, e.g., nitrifica-
tion (producing oxidic nitrogen), denitrification, one of deple-
tion processes (converting NO3

− into N2 with N2O as inter-
mediate), assimilation processes, and the released from sedi-
ments in reservoirs (Bardhan et al. 2017; Ran et al. 2017).
Notably, denitrification can make it a more efficient way to
remove nitrogen compared to assimilation for relieving eutro-
phication, which consequently drew widespread attention to
the research on river and lake system (Jin et al. 2019; Wenk
et al. 2014). To identify the transformation processes and
sources of nitrate (NO3

−) in the aquatic system, nitrate dual
isotopes (δ15N-NO3

− and δ18O-NO3
−) analysis has beenwide-

ly utilized based on various nitrate sources with distinctive
isotopic compositions (Mayer and Wassenaar 2012; Wenk
et al. 2014; Xing and Liu 2016; Xue et al. 2009; Zhang et al.
2018). Moreover, the source contribution from each
endmember could be further calculated by the mixing model
(stable isotope analysis in R language, SIAR) (Fadhullah et al.
2020; Li et al. 2019).

Generally, as the long retention time increased the uptake
and removal of N in lakes or reservoirs, low to mediate N
concentrations (less than 2 mg/L) were widely observed
(Akbarzadeh et al. 2019; Bardhan et al. 2017; Harrison et al.
2009). For example, one global dataset showed that 90% of
573 lakes have a total dissolved nitrogen (TDN) concentration
less than 2 mg/L (Qin et al. 2020). However, high N concen-
tration (> 2 mg/L) is observed in many karst rivers and
reservoirs/lakes around the world, which may result in a
high-risk threat to the water quality (Davraz et al. 2009;
Fenton et al. 2017; Liu et al. 2011; Yue et al. 2018; Zhao
et al. 2020). Actually, about 22million km2 of karst landforms
around the world are sensitive to global climate change, ac-
counting for 20% of terrestrial, ice-free land (Sullivan et al.
2019), while the karst area in China accounts for one-seventh
of the worldwide occurrence of this landform and one-third of
Chinese land area (Green et al. 2019; Wang et al. 2019).
Compared with other landscapes, the karst showed distinctive
features, e.g., the thin soil layer, unique hydrological structure,

including dual hydrological flow paths (diffusion flow and
fast flow), and frequent exchange streams between the surface
and subterraneous layers (Green et al. 2019; Huang et al.
2020). All characteristics would facilitate soil erosion and ni-
trogen leaching to the karst aquatic system, which were ob-
served in Southwest (SW) China by high-frequency sensing
(Li et al. 2020a, c; Yue et al. 2019). Therefore, it is necessary
to investigate the N cycle in reservoirs, especially for the cas-
cade reservoirs in karst regions.

The Wujiang Watershed is in the karst area of SW China,
where the cascade reservoirs have been successively
impounded since 1979 (Liu 2007; Wang et al. 2010).
Notably, those cascade reservoirs have distinctive features
including regulation mode, water depth, and running age
(Wang et al. 2019b; Yang et al. 2020), which can help to
evaluate comprehensively the potential influence of the N
cycle in reservoirs with various conditions (Liang et al.
2019; Liu et al. 2011). Therefore, it is necessary to elucidate
the seasonal N dynamic variation with varied water level in
cascade reservoirs with high N concentration in karst
areas, which could help to better understand the envi-
ronmental effects and to give an indication of the po-
tential risk for further economic evaluation of the river-
cascade system (Chen et al. 2020)

In the present study, four cascade reservoirs with different
regulation modes in the Wujiang River were studied to ex-
plore the spatial-temporal variation on the N biogeochemical
processes using the isotopic approach during four seasons.
The objectives of this study were to evaluate environmental
factors that affect the N dynamics in cascade reservoirs, to
clarify the biogeochemical processes against the high N back-
ground, and to explore the potential reasons for the high N
concentration in karst cascade reservoirs.

Materials and methods

Study area

The Wujiang River is the largest tributary on the south upper
reaches of the Yangtze River, with a total length of 1050 km
and a drainage area of 87,900 km2 including 75.6% karst area
(Liu 2007). This watershed is a subtropical monsoon climate
with year-on-year average annual temperature of 10–18 °C
and rainfall of 800–1400 mm (Li and Ji 2016). The upper
reaches of the Wujiang River are in the east of the Yunnan-
Guizhou Plateau, while the middle reaches form the main part
of the Guizhou Plateau, which are widely exposed with car-
bonate rocks. The main tributaries include the Liuchong River
(the mainstream of the upper stream, W1), the Luojiao River
(T1), the Yeji River (T4), and the Pianyan River (T6) in the
north, and the Sancha River (T2) and the Maotiao River (T3)
in the south (Fig. 1).
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Three of the four reservoirs are located in the upper reach,
Hongjiadu (HJD), Dongfeng (DF), and Suofengying (SFY),
while the Wujiangdu (WJD) is located in middle reaches of
the Wujiang River. In particular, HJD is the upper reaches
reservoir in Wujiang cascade reservoirs with the longest hy-
draulic retention time, and WJD is the oldest reservoir built in
1979, which further leaded to the formation of relatively
densely populated towns, tourism, and factories in the area.
The more detailed characteristics of the four reservoirs are
shown in Table S1 (Wang et al. 2010, 2019b).

Sampling and analysis

Water samples were collected in January, April, July, and
October 2017, corresponding to winter, spring, summer, and
autumn, respectively. These included inflow samples from
tributaries samples, profiles samples (at 0.5, 5, 15, 30, 45, 60
m), and outflow samples from reservoir (Fig. 1). These pro-
files comprised the epilimnion (surface–5 m), metalimnion
(5–15 m), and hypolimnion (15–60 m).

Hydrochemistry parameters including water temperature
(T), pH, dissolved oxygen (DO), and chlorophyll (Chl) were
measured at the sampling site using an automatedmultiparam-
eter profiler (YSI-EXO). Water samples of about 120 mL
were filtered through 0.45-μm cellulose-acetate filters and
stored in two 60-mL HDPE bottles at below 4 °C until the
laboratory analyses for nutrients concentrations and nitrate
dual isotopes were carried out.

The concentrations of nitrogenous species (NO2
−, NH4

+,
NO3

−, and TDN) were analyzed using an automatic flow

analyzer (Skalar Sans Plus Systems). The dissolved or-
ganic nitrogen (DON) concentration was calculated by
subtracting DIN (sum of NO2

−, NH4
+, NO3

−) from the
TDN. The nitrogen detection limit was 5 μg·L−1 for
NO2

−–N, 10 μg·L−1 for NO3
—N, and NH4

+-N. Samples
from the profiles (W3, W5, W10, W12, W15, and W17)
and all river water samples including inflow water, dis-
charge water, and tributaries were analyzed for nitrate
dual isotopes by the denitrifying bacteria method
(McIlvin and Casciotti 2011). That is, denitrifying bacte-
ria (Pseudomonas chlororaphis subsp. aureofaciens
ATCC 13985) lacking N2O reductase was used to trans-
form nitrate and nitrite to nitrous oxide (N2O) quantita-
tively, and then N2O was purified using a Trace Gas Pre-
concentrator unit (Iso-Prime Ltd., Cheadle Hulme,
Cheadle, UK) and analyzed using an isotope ratio mass
spectrometer (Iso-Prime, GV, UK). Four international ni-
trate standards (USGS-32, USGS-34, USGS-35, and
IAEA-NO3) were used to calibrate the final isotope data.
The standard errors for δ15N-NO3

− and δ18O-NO3
− were

0.3‰ and 0.5‰, respectively.
Isotope ratios are defined as:

δ ‰ð Þ ¼ Rsample

Rstandard
−1

� �
� 1000 ð1Þ

where Rsample and Rstandard represent the ratio of 15N/14N and
18O/16O of samples and standards, respectively. Values of δ15N
were reported referred to N2 in the atmosphere, and δ

18O values
to the Vienna Standard Mean Ocean Water (VSMOW).

Fig. 1 Map showing study area
and sampling site
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Calculation of the extent of denitrification

The isotopic fractionation of denitrification follows the
Rayleigh distillation equation which defined as follows
(Kendall et al. 2007):

δr ¼ δ0 þ ε ln fð Þ ð2Þ
where δr represents the isotope value of the residual nitrate, δ0
is the initial isotope value of nitrate, and ε and f are the isotopic
enrichment factor and the remaining fraction of nitrate, respec-
tively (Kendall et al. 2007).

Results

Longitudinal variation of hydrochemistry and DOC
concentration

Figure 2 shows the temporal and spatial variation of T,
Chl, DO, and DOC. The annual longitudinal variation
of hydrochemistry in surface water revealed that T and
DO in the reservoir were higher than those of the in-
flow and outflow water (Wang et al. 2019b). T, DO,
and DOC showed more obvious fluctuation in reservoirs
than in rivers. Hydrochemistry in profiles showed ho-
mogeneity in winter and autumn, while high Chl con-
centration and significant thermal stratification appeared
during the growing season (spring and summer) (Fig.
2). Meanwhile, DO in the profile showed a greater de-
crease compared to the surface water and were almost

higher than 2 mg/L. Nevertheless, the anaerobic water
layer was observed in the bottom water around the dam
of WJD in winter, and DO concentration was as low as
0.32 mg/L at 60 m.

For the surface water of the mainstream, T varied from 13.1
to 29.0 °C and was higher in reservoirs (20.2 ± 4.3 °C) than
the river samples (17.3 ± 3.1 °C). The obvious thermal strat-
ification in summer with the main thermocline appeared at 5–
15 m depth which can be observed in each reservoir (Fig. S1).
The mean longitudinal DO was 9.5 ± 2.6 mg/L, while the
maximum and minimum were both observed in WJD during
spring (W14, 16.2 mg/L) and winter (W17, 4.6 mg/L), respec-
tively. The concentration of Chl in the mainstream ranged
from below detection limit (BDL) to 23.9 μg/L (mean = 1.8
± 3.8 μg/L), which also varied greatly between those four
reservoirs and had the largest value in WJD during April
(mean = 14.2 ± 7.4 μg/L). Chl concentration in the outflow
water was BDL while high Chl content was mainly observed
in the surface water of the reservoir. The DOC concentration
ranged from 0.6 to 2.4 mg/L, with a mean value 1.1 ± 0.4 mg/
L. The mean DOC concentration during the three measured
seasons for the reservoir samples was higher than that in the
river samples, and there was a significant increase between the
inflow of HJD and the outflow of WJD (~ 50%).

For tributaries, the annual mean values of T and Chl were
18.4 ± 3.6 °C and 1.7 ± 3.6 ug/L, which were consistent with
the mainstream. However, the average DO value of tributaries
(7.9 ± 2.0 mg/L) was smaller than that of the mainstream (9.4
± 2.6 mg/L). Meanwhile, the mean DOC concentration in
tributaries was 1.3 ± 0.5 mg/L, which was similar with the
reservoir samples (1.1 ± 0.4 mg/L).

Fig. 2 Longitudinal variation of
hydrochemistry (T, Chl, DO,
DOC) in surface water (0.5 m)
and profile water (5–60 m) of the
studied areas during winter (a),
spring (b), summer (c), and
autumn (d) in 2017. The light
grey area corresponds to the
reservoir area. Profile water was
displayed as “Mean ± SD.” (DOC
concentration was displayed in
spring, summer, and autumn but
not in winter due to a lack of data)
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Longitudinal variation of NO3
− concentration and

dual isotopes

Figure 3 shows the NO3
−–N concentration in surface wa-

ter ranged from 1.5 to 6.1 mg/L (mean = 3.4 ± 0.7 mg/
L), while other dissolved nitrogenous species showed
low concentration. NH4

+–N, NO2
−–N and DON were

0.1 ± 0.1, 0.07 ± 0.09, and 0.2 ± 0.3 mg/L, respective-
ly. It suggested that NO3

−–N was the dominant soluble
nitrogen species, accounting for 90% of TDN on aver-
age. The seasonal pattern of NO3

−–N showed more
fluctuation and higher concentration in summer than
other seasons. However, such an amplitude of elevating
on NO3

−–N concentration in summer between surface
water in the reservoir and its outflow was spatially var-
ied, and decreased from the upper to the middle reach
of the cascade reservoir 28% (HJD), 17% (DF), and
10% (SFY) to 8% (WJD).

The δ15N-NO3
− in surface water varied from 4.7 to 9.6‰,

which generally showed a contrasting longitudinal trend to
NO3

−–N. The annual average δ18O-NO3
− value is 1.3 ± 1.2‰

(− 1.2 to 3.6‰), whose longitudinal patterns varied during the
different seasons with less fluctuation than δ15N-NO3

−. δ18O-
NO3

− gradually increased along the river during spring when
the highest δ18O-NO3

− was observed, and slightly decreased in
the other three seasons. The δ18O-NO3

− values in reservoir pro-
files showed less fluctuation. Also, there was no significant dif-
ference (P > 0.05) between the mean values of δ15N-NO3

− be-
tween the mainstream (7.4 ± 1.3‰) and tributaries (8.2 ± 1.9‰).

Temporal and spatial variation of NO3
−–N and dual

isotopes in reservoirs

The nitrate characteristics of the profile in front of each
reservoir dam in different seasons are shown in Fig. 4.
The average NO3

−–N concentrations in HJD, DF, SFY,
and WJD reservoirs were 3.9 ± 0.8, 3.6 ± 0.6, 3.7 ±
0.4, and 3.5 ± 0.4 mg/L, respectively (Table S2). More
specifically, the maximum NO3

−–N concentration was
5.7 mg/L observed in HJD reservoir during summer,
while 2 mg/L was the minimum appeared at 60 m in
WJD reservoir in winter.

In contrast to the NO3
− variation in profiles, there

was no significant variation on the average of δ15N-
NO3

−, which was 7.4 ± 1.3, 6.8 ± 1.4, 7.0 ± 1.3, and
7.6 ± 1.5‰ in HJD, DF, SFY, and WJD, respectively.
This was similar to δ18O-NO3

− in HJD, DF, SFY, and
WJD, corresponding to 1.5 ± 1.0, 1.6 ± 1.0, 1.3 ± 0.6,
and 0.8 ± 1.2 ‰, respectively (Table. S2).

Overall, a wide range of NO3
− and δ15N-NO3

− was
observed in summer, especially in HJD (3.1–5.8 mg/L,
5.4–9.0‰) and DF (1.5–4.8 mg/L, 4.5–7.5‰) at the
depths of 0–15 m, while less variation was shown in
SFY and WJD reservoirs. Meanwhile, it was observed
that NO3

− (2.0–3.6 mg/L) and its isotope (7.7–11.9‰)
showed significant variation during winter in WJD es-
pecially at the 30–60-m depths, while no significant
variation trend appeared in HJD, DF, and SFY during
winter.

Fig. 3 Longitudinal variation of
nitrate concentrations and nitrate
dual isotopes in surface water and
profiles during winter (a), spring
(b), summer (c), and autumn (d)
in 2017. Profile water is displayed
statistically as “mean ± SD.” The
light grey area corresponds to the
reservoir area
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Discussion

Nitrogen biogeochemical processes in karst cascade
reservoir system

The spatial and temporal variations of NO3
−–N, δ15N-NO3

−,
and δ18O-NO3

− profiles revealed that the studied reservoirs
might undergo different NO3

− fate (Fig. 4). The source of
NO3

−-N in the reservoir needed to be considered first, which
corresponded to the seasonal variation of nitrate isotopes. The
distribution of δ15N-NO3

− and δ18O-NO3
− values in the res-

ervoir indicated that NO3
− was relatively more influenced by

soil nitrogen and urban sewage input during dry seasons (win-
ter and spring), while the significant low mean δ15N (< 6.5‰)
values indicated more significant influence of chemical fertil-
izer than other N source endmembers during flood seasons
(summer and autumn) (Fig. S2).

In addition to the seasonal changes in nitrate sources, the
internal reservoir also underwent different biochemical pro-
cesses that affected NO3

− concentration and dual isotopes
(Akbarzadeh et al. 2019; Bardhan et al. 2017). To identify
the vertical variation of nitrogen transformation in reservoirs,
NO3

−–N concentration and δ15N-NO3
− at each sampling

depth were compared with 5 m in the corresponding profile
to calculate Δ δ15N-NO3

− and Δ NO3
−–N (Fig. 5), as the

above analysis has proved that 5 m was the bottom of the
epilimnion in the reservoir with similar dual nitrate isotopic
values to the inflow river. Therefore, Δ[δ15N-NO3

−] and
Δ[NO3

−–N] can reflect the influence amplitude by nitrogen
transformation in reservoirs. Generally, the variation of

Δ[δ15N-NO3
−] versusΔ[NO3

−–N]with a significant negative
correlation could theoretically distinguish the biogeochemical
processes, such as nitrification which causeΔ[δ15N-NO3

−] to
decrease andΔ[NO3

−–N] to increase, while algal assimilation
or denitrification cause Δ[δ15N-NO3

−] to increase and
Δ[NO3

−–N] to decrease (Fenech et al. 2012). Otherwise, the
strong mixing processes with high or low isotope signal
values caused by dynamic disturbance or external input can
also be reflected by no significant negative correlation be-
tween Δ[δ15N-NO3

−] and Δ[NO3
−–N] (Fig. 5).

The correlation between Δ[δ15N-NO3
−] and Δ[NO3

−–N]
in Fig. 5 indicated that SFY received a significant mixing
effect with significant negative correlation that only emerged
in summer, while NO3

− was significantly affected by the bio-
geochemical processes in the other three reservoirs. Given that
the reservoir profile was aerobic or even oxygen-rich for most
time, nitrification was likely to be the major process in the
reservoir during four seasons in the other three reservoirs.
During nitrification, 1/3 of the oxygen atoms in NO3

− origi-
nated from atmospheric O2 and the remaining 2/3 originated
from the water theoretically (Kendall et al. 2007). The δ18O of
the studied area ranged from − 9.7 to − 6.8‰ (Wang et al.
2019a). Therefore, the calculated δ18O-NO3

− derived from
nitrification in the research area should vary between 1.4
and 3.3‰. The value of δ18O-NO3

− of most samples (in
spring and summer) lay within this calculated range (Fig. 3),
which further confirmed that nitrification was the dominant
transformation process. However, rest samples, particularly in
winter and autumn, completely below this calculated range
could reasonably be inferred from those various

Fig. 4 Variation of NO3
−–N, δ15N-NO3

−, and δ18O-NO3
− profiles of W5 (HJD), W10 (DF), W12 (SFY), and W17 (WJD). The light grey-dashed lines

divide the water profile into (a) epilimnion, (b) metalimnion, and (c) hypolimnion based on the T profile in summer (Fig. S1)

26622 Environ Sci Pollut Res (2021) 28:26617–26627



biogeochemical processes with the complex O exchange and
mixing processes (Buchwald and Casciotti 2010).

Assimilation and denitrification are also the significant re-
moval processes of NO3

− in the lake/reservoir system (Swart
et al. 2014). Previous research had reported that assimilation
could enrich 15N and 18O of residual nitrate with a ratio of
δ15N versus δ18O in 1:1 (Granger et al. 2010; Mayer and
Wassenaar 2012). There was different extent for assimilation
experienced in stratified periods (spring and summer), among
which the HJD reservoir was the most severe and the WJD
was moderate (Fig. 5). Specifically, our studies showed the
ratio of δ15N and δ18O in surface to 15 m in HJD and DF
during summer, and WJD during spring were 0.55, 0.65,
and 0.72, respectively (Fig. S3).

Meanwhile, the absence of thermal stratification and uniformity
in the profile in winter suggested a mixing process. Such environ-
mental conditions were likely to facilitate organic matter mineral-
ization and decomposition which had little impact on δ15N-NO3

−

variation (Bardhan et al. 2017; Yue et al. 2018). However, there
was an anaerobic layer in the hypolimnion of W18 (the oldest
reservoir, WJD) during winter, which made it possible for the
occurrence of denitrification. Additionally, the ratio of δ15N and
δ18O of W18 among 30 m to the bottom was 2.1, which further
determined the denitrification (Fig. S3a). Meanwhile, with the 30
m set as initial value and the enrichment factor at − 6.99‰ (Fig.

S3b), the denitrification contribution was calculated to be 18–28%
in the bottom water using Rayleigh fractionation (Eq. (2)).

Factors controlling nitrogen fate in karst cascade
reservoirs

Nitrogen fate is generally constrained by either biogeochem-
ical processes or the process of sources mixing in river-
reservoirs system (Nestler et al. 2011), which was reflected
by nitrate dual isotopic composition and biogeochemical pro-
cesses and were further influenced by the environmental char-
acteristics (Finlay et al. 2013; Wenk et al. 2014). The above
analysis showed that the dual isotope variation resulted from
denitrification in the hypolimnion of WJD during winter,
while in other reservoirs, dual isotope variation resulted from
assimilation in the epilimnion during the other seasons.
Therefore, Pearson correlation analysis was performed in
those periods to explore the relationships between the ten pa-
rameters in reservoirs, including T, DO, Chl, TDS, pH, DOC,
NO2

−, NO3
−, and dual isotopes (Fig. S4). The results showed

that δ15N-NO3
−was negatively correlated with NO3

− and DO,
while positively correlated with TDS and NO2

− in winter.
These correlations further confirmed DO as the decisive factor
for denitrification, and the larger TDS might refer to the sup-
ply of more nutrients for denitrification.

Fig. 5 Δ δ15N-NO3
− (Δ δ15Ni= δ15Ni – δ

15N5m, i means depth) versusΔ
NO3

−–N (Δ NO3
−–Ni= [NO3

−–N]i – [NO3
−–N]5m,) of W5 (HJD), W10

(DF), W12 (SFY), and W17 (WJD) in sampling period. Different colors

represent samples at different depths. E, epilimnion (0.5 m); M,
metalimnion (15m); H, hypolimnion (30, 45, 60m). The light blue region
is the 95% confidence interval of the linear fitting
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The analysis results during other seasons differed from
those during winter inWJD. δ15N-NO3

− showed a significant-
ly positive correlation with DO, Chl, and pH, with a negative
correlation with NO3

− and δ18O-NO3
−. The higher DO, Chl,

and pH referred to the existence of planktonic algae and plants
with strong respiration, which strongly promoted assimilation
in the epilimnion. Therefore, although the reservoir experi-
enced different biogeochemical processes at various seasons
and depths, DO was the key influencing factor for controlling
nitrogen transformation in water. Meanwhile, planktonic al-
gae and plants were also an important driving factor for nitro-
gen transformation in the upper layer of the deep reservoirs
studied (Finlay et al. 2013; Glibert et al. 2016).

Due to the significant influence of artificial regulation, the
biogeochemical processes of the main nutrients in the reser-
voir are also affected by factors including hydraulic retention
time, storage capacity, and water depth (Schmutz and Moog
2018; Yang et al. 2020; Yu et al. 2014). Recent study further
revealed that hydraulic load (ratio of average water depth/
HRT) was the key factor for controlling the N2O emissions
in the Wujiang cascade reservoirs and showed a negative re-
lationship between N2O flux and hydraulic load in cascade
reservoirs (Liang et al. 2019). In the present study, the HJD
and WJD reservoirs with longer HRT had more obvious pro-
file variations than SFY with shorter HRT (daily regulation
mode) (Table. S1 and Fig. 4), which suggested that the longer
HRT was more conducive to the nitrogen transformation pro-
cess in reservoirs (Finlay et al. 2013).

More specifically, the DF and WJD reservoirs are both
regulated monthly, but the variation of δ15N-NO3

− in strong
thermal stratification period in WJD presented a narrow range
relative to DF (Fig. 6). It might be reasonably explained by the
quite short monthly HRT (about 10 days) of WJD in summer,
which was caused by the larger discharge flow of WJD with
orders of magnitude higher than that of DF. The strong hydro-
dynamic condition in WJD during summer could buffer the
variation of δ15N-NO3

− inside the reservoir, which further
revealed the influence of monthly HRT in each month on N-
dynamic processes in the reservoir.

Additionally, it was found that reservoir running age deter-
mined the burial processes, degradation, and source of the
organic matter (Barros et al. 2011; Evans et al. 2017). For

example, the main source of organic matter was submerged
soil and plants in the young reservoirs with an impounded age
less than 15 years (e.g., HJD and SFY), while the continuous
DOM transport from the inflow river and the endogenous
organisms such as algae and plants in the water-level-
fluctuating zone would play a more important role as the res-
ervoir aged. This also further confirmed that the impounded
age might be positively correlated with the trophic state level
(Wang et al. 2018a). Thus, compared with the mesotrophic
HJD, SFY, and mild-eutrophication DF, the WJD with eutro-
phication state was more conducive to the formation of anaer-
obic environment in the hypolimnion and water-sediment in-
terface (Fig. 2), which might consequently promote the pro-
cess of denitrification (Wang et al. 2018a).

Long-term variation of TDN in karst cascade
reservoirs

The average annual TDN concentrations of the four reservoirs
from 1998 to 2017 are shown in Fig. 7. It revealed that the TDN
increased at the average rate of 0.1mg/L-N per year from2.0mg/
L in 1998 to 3.7mg/L in 2015 and slightly decreased to 3.5mg/L
in 2017. Such a high content of TDNexceeded the CriterionV of
Chinese Environmental Quality Standards for Surface Water (2
mg/L as TDN, Fig. 7) and wasmuch higher than other tributaries
and the mainstream in the upper basin of the Yangtze River
(Ding et al. 2019; Li et al. 2010). Furthermore, TDN in cascade
reservoirs of the upper and middle reaches of the Wujiang River
are higher than the other karstic cascade reservoirs densely af-
fected by human activity from agriculture and industry (Maotiao
River < 2 mg/L) (Wang et al. 2018b).

Dual isotopes over four seasons showed agricultural fertilizer
made more of a contribution in summer and autumn with high
runoff flow (Fig. S2), indicating the agricultural effect on water
quality (Li et al. 2020a, b; Yue et al. 2020). It showed that the
long-term TDN concentration in cascade reservoirs was highly
dependent on the long-term N fertilizer usage in Guizhou
Province (P < 0.05), which both reached maximum application
during 2014 and 2015 (Fig. 7). However, the different increase
rate between TDN concentration (1.8-folds in WJD) and N fer-
tilizers (1.3-folds) during the past two decades further indicated
that other factors should also be considered from other sources.

Fig. 6 The seasonal variation of
the content of δ15N-NO3

− and
monthly HRT (capacity in each
month/discharge in each month)
during the sampling period in DF
and WJD. Mean monthly dis-
charge is showed in Fig. S5
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For example, trapped terrestrial input in cascade reservoirs result-
ed in newN sources owing to prolonged transport time (Maavara
et al. 2020; Van Cappellen and Maavara 2016). Nitrogen bio-
geochemistry in karst cascade reservoirs may also contribute to
an increase of N concentration, e.g., novel production from par-
ticle matter, phytoplankton, and even from sediment (Bardhan
et al. 2017; Wang et al. 2018b).

Moreover, the studied reservoirs are all deep (> 30 m) with
huge elevation drops which provided sufficient hydrodynamic
force to deepen the aerobic layer (Qin et al. 2020), which can
promote nitrification and reduce the contribution of denitrifi-
cation simultaneously, resulting in less effectiveness in the
removal of NO3

− than those in shallow lakes or reservoirs
(Liu et al. 2018; Wang et al. 2019a). Overall, the sufficient
input of N sources (especially the chemical fertilizer), conve-
nient hydrologic transmission channels, and favorable condi-
tions influenced by strong nitrification and weak nitrogen re-
moval jointly contributed to the high TDN concentration in
the present deep cascade reservoirs in karst areas.
Additionally, with the previous study showing that phosphate
in cascade reservoirs could be retained more efficiently and
replenished faster than N (Maavara et al. 2020; Qin et al.
2020). However, the large reserve of high-quality phosphate
in the study area (Yang et al. 2018) and potential mining may
lead to phosphate transportation to aquatic systems, which
may further be a high risk to the aquatic health as high TDN
waters in the study area.

Conclusion

Nowadays, the environmental implications and nutrient biogeo-
chemistry in the impounded cascade reservoirs system have

drawn more and more attention. The fate of N in four cascade
reservoirs located in the upper andmiddle reaches of theWujiang
River, a karst watershed, was studied. The huge elevation drop
provided sufficient hydrodynamic force to facilitate the aerobic
layer, resulting in an aerobic aquatic environment for almost all
of the reservoirs, except for the last profile of WJD in winter.
Such an aerobic aquatic environment facilitated the nitrification
process to produce nitrate as the primary species. Nitrate dual
isotopes in these four cascade reservoirs showed little spatial
variation but more obvious seasonal variation in summer under
high discharge, indicating that chemical fertilizer input by agri-
cultural activity was the major contributor. The nitrate dual iso-
topic signature and high DO concentration demonstrated a weak
depletion process, e.g., denitrification, which explained the ele-
vated nitrate concentration in the past two decades. Additionally,
the frequent exchange of pollutants between the dual karstic
hydrological pathways and the increase of N fertilizer application
explained the elevated nitrate concentration in the past two
decades.
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