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Nitrogenous species, particularly nitrate, are some of the most significant contaminants in freshwater rivers
and lakes in China, posing a significant threat to human and ecosystem health. To identify the major nitrate
sources and transformation processes in a subtropical karst lake (Hongfeng, HF) in Southwest China, two
sampling campaigns involving three lake profiles were conducted during the impoundment period (April)
and flood period (August). Hydro-chemistry parameters, concentration of nitrogenous species, and dual
isotopes of nitrate were analyzed. Nitrate was the major nitrogenous species in HF lake with higher
proportion in April than August. The concentrations of NH,*, NO,~ and dissolved organic nitrogen were
below the detection limit in April, while NH4* increased with depth in August, which may be a result of
mineralization. Nitrification was detected during the impoundment period and from the surface to
a depth of 10 m during the flood period. Denitrification was detected in the lake bottom waters during
the flood period with isotopic fractionation of —10.7%, for 8*°®N-NOs~ and —4.7%, for 3*0-NOs~. The
Rayleigh distillation demonstrated denitrification showed spatial variation (53% and 89% of nitrate in the
southern and northern region of the lake, respectively). The Bayesian modelling results suggest that
organic nitrogen degradation and sediment make the largest contributions to nitrate (51% and 38% in
April and 33% and 24% in August, respectively) to the lake. Tributaries contributed more nitrate in August
(37%) than in April (10%). The results highlight that modified endogenous nitrogen contributed a high
proportion of nitrate sources within the lake system during the two periods.
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Environmental significance

Globally, lakes are important drinking water sources, but gradually elevated nitrate concentration in lakes poses a challenge to water quality, human health and
ecosystem balance. This work used dual nitrate isotopes and an isotope mixing model to identify nitrate seasonal dynamics and calculate the contribution of
sources to a karst lake in Southwestern China. Nitrification was the main process controlling nitrate dynamics, whereas denitrification was only detected at the
bottom of the lake during the flood period. The mixing model showed that endogenous contributions (ON degradation and sediment) contributed the majority
of nitrate to the lake, particularly in the impoundment period, which should be considered for water quality management of the lake system.

Introduction

Nitrogen, one of the elements essential to life, has increased in
terrestrial and aquatic ecosystems during the last few decades,
which poses a threat to human health and ecosystem diversity.*
Human industrial, agricultural and pastoral activities are the
primary anthropogenic influences on the Earth's nitrogen
cycle.>® Nitrate is one of the dominant compounds of nitrogen
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entering riverine environments and many researchers have
focused on the detrimental effect of high levels of nitrate on
aquatic ecosystem sustainability.**

Lakes and reservoirs, widely distributed in Southwest China
and an important supply of drinking water, are important
reactive nitrogen sinks, contributing 33% to total global
nitrogen removal.>” Previous studies had observed high levels
of nitrate in karst underground and surface streams and
eutrophication in lakes had been reported.**° Constraining the
sources of nitrogen is hence a first step in understanding lake
ecosystems and water quality.

However, there is a diverse range of nitrogen sources in aquatic
systems including atmospheric precipitation, synthetic nitroge-
nous fertilizer, soil organic nitrogen, sewage and manure.'*"
Additionally, the numerous conversion processes are complex
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which include physicochemical processes like nitrification,
assimilation, denitrification, source mixing, and internal biogeo-
chemical cycles, posing challenges to understanding major
sources.” As one research approach, stable isotopes of nitrate
(8"°N-NO; ™ and 8'®0-NO; ") have been used to elucidate nitrate
sources and transformations in complex lake environments."**#

The nitrate dual isotope approach (3"°N-NO;~ and 5'*0-NO; ™)
is one approach to elucidating nitrate sources and transformations
in lake environments and has successfully been applied in
numerous watersheds.”? For example, biological processes
change the isotopic composition of nitrate, such as the assimilation
process maintains the 3'°N-NO;~ and 5'®0-NO; ™ ratio at 1 : 1,'%%
while denitrification causes the 3*°N-NO;~ and 5'%0-NO; ™ ratio to
be approximately 2 : 1."*** Combined with stable isotope mixing
model analysis, such as Bayesian modelling which considers
multiple sources and isotopic fractionation, nitrate dual isotopes
can provide a powerful tracer of source contribution.

There are 2693 large lakes or reservoirs (area > 1.0 km?) in
China and about 59% are distributed on the Tibetan Plateau.
Lakes in karst areas, particularly in SW China (Yunnan-Guizhou
Plateau and Guangxi Autonomous Region) have an area of
about 1240.3 km*2 The karst region of SW China experiences
water shortages despite high precipitation event frequency and
the dense water network. Thus, research on nitrogen sources and
transformations in the karst area is particularly important. HF is
a typical karst lake and many studies have been carried out here
on nutrient biogeochemical cycling and eutrophication
processes.”*** In the present study, nitrogenous species
concentrations and nitrate dual isotopes during the wet season
were analyzed to (1) understand the sources and transformation of
nitrate in HF lake, (2) calculate the extent of denitrification in the
water column, and (3) assess endogenous and exogenous contri-
bution based on the Stable Isotope Analysis in R (SIAR) method.

Materials and methods
Study area

Hongfeng Lake (26°24'-26°34' N, 106°20'-106°26’ E) is located
in central Guizhou Province, SW China, with a capacity of
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7.53 x 10® m® and a lake surface area of 57.2 km>. This lake was
constructed in 1958 and supplies drinking water for more than 3
million inhabitants in Guiyang city, the capital of Guizhou prov-
ince. It consists of two sub-lakes: the northern lake (site NL) and
southern lake (site SL), with an average depth of 25 m and 16 m,
respectively (Fig. 1). The big dam (site BD, depth ~ 22 m) was built
on the northern lake. There are six main tributaries (R1, R2, R3,
R4, R5, and R9) which recharge water to the lake (Fig. 1).
Average annual precipitation in the local area generally ranges
from 1000 to 1300 mm and rainfall in the wet season (May to
October) accounts for most of the annual precipitation.

This catchment has a complex terrain with different types of
land use, including intensive agriculture, industrial facilities,
domestic accommodation and patches of semi-natural silvi-
culture.” Due to the rapid development of the local area, HF
lake experienced several severe eutrophication events in the
early 1990s. Based on the water level of HF lake, there are four
different annual hydrological periods: the low flow period
(December-March), the impoundment period (April and May),
the flood period (June-August) and the fluctuation period
(September-November).> The concentration of nitrogen is
relatively low and stable during the fluctuation period and low
flow period,*” whereas during the impoundment period and the
flood period when there are significant changes in the water
level, the nitrogen concentration varies significantly, which is in
the focus of this study.

Sampling and analysis

Samples were collected in the HF lake in April and August 2013
including river water (R, n = 9), precipitation (P, n = 18) and
three water profiles sampled in two-meter increments from SL,
NL and BD (Fig. 1). The nitrogen input from tributaries to HF
lake is known to be low in the impoundment period, so nitrate
isotopes were only measured from the lake profile samples.
Nitrate isotopes of tributary and lake profile samples were all
measured in the flood period.

At each sampling site, the electrical conductivity (EC), dis-
solved oxygen (DO), pH and temperature (T) were obtained with
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Fig. 1 Location of Hongfeng lake and water sampling sites.
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a multi-parameter monitoring instrument (Yellow Springs
Instruments: YSI 6600 v2). All water samples were filtered
through 0.45 pm cellulose-acetate filters and transferred to pre-
acid-washed polyethylene bottles, and then sealed and pro-
tected from light in an ice pack incubator in the field. The
collected samples were stored in a refrigerator on their return to
the laboratory until analyses for nutrients, anions and isotope
values were carried out.

Nitrogenous concentrations (NO, , NH," and NO;~) were
analyzed using an automatic flow analyzer (SKALAR Sans Plus
Systems). DON was calculated by subtracting DIN (NH," and
NO; ) from TDN. Samples from two of the profiles in each
period were analyzed for nitrate dual isotopes. Nitrate isotopes
were measured by the denitrifying bacteria method, in which
nitrate and nitrite are reduced to nitrous oxide (N,O) quanti-
tatively, and N,O is analyzed using an isotope ratio mass spec-
trometer (IsoPrime, GV, UK).** Each sample was measured in
duplicate and four international nitrate standards (USGS-32,
USGS-34, USGS-35 and IAEA-N3) were used to calibrate the
measured data. The standard errors for 3'°N-NO;~ and
3'"%0-NO;~ were 0.3%, and 0.5%, respectively. All these
measurements were conducted at the State Key Laboratory of
Environmental Geochemistry, Institute of Geochemistry,
Chinese Academy of Science.

Isotope ratios are given in 6 units defined as:

0 (%o) = (Rsample/Rslandard - 1) x 1000

where Rgample and Rgeandara Tepresent the ratio of >N/'*N, and
80/'*0 in samples and standards, respectively. The *N/*N
standard is N, in air and the **0/*°O data are standardized to
Vienna standard mean ocean water (V-SMOW).

Isotopic fractionation follows the Rayleigh distillation
equation as follows:*

6r = 5() +e ln(f)

where ¢, is the isotope value of the residual nitrate, ¢, is the
initial isotope value of nitrate, and f and ¢ are the remaining
fraction of nitrate and the isotopic enrichment factor,
respectively.

SIAR based on the Bayesian mixing model was developed to
estimate the proportional contribution of different sources.
Deviations in isotopic composition caused by fractionation can
be incorporated into the calculation, and it can therefore be
used to quantify the contributions of different sources.>* The
mixing model can be expressed as follows:

X

K
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where X;; is the measured isotope valuej (j = 1, 2, 3,..., J) of the
mixture I (i =1, 2, 3,..., N), and Sj; is the source value k (k= 1, 2,
3,..., K) on isotope j and is normally distributed with mean g
and standard deviation wj; Fi is the proportion of source k
estimated by the SIAR model; cj is the fractionation factor for
isotope j on source k and is normally distributed with mean A;
and standard deviation tj; and ¢; is the residual error repre-
senting the additional unquantified variation between indi-
vidual mixtures and is normally distributed with mean 0 and
standard deviation o;. Detailed description of this model is

given in numerous papers.*>?*?

Results
Hydrological chemical parameters

There was no significant difference in temperature at the same
depth between the two sampling periods. Temperatures
decreased gradually from the surface to the lake bottom and the
depth of the thermocline was 6 to 10 meters (Fig. 2). The DO
concentration gradually increased with depth from the surface to
the top of the thermocline at 6 m, then decreased from the
thermocline and finally became stable at about 4.0 mg L™ (except
one site of BD at 18 m) in the impoundment period. However, the
DO concentration ranged from 6.0-9.3 mg L' in surface water
(<10 m below surface), and then decreased sharply at 10 meters
depth because of restricted photosynthesis and consumption by
degradation. However, the discontinuity of temperature along
with depth would restrict the water exchange, which would result
in a decrease of DO concentration by degradation of rich organic
matter in the bottom of the lake.* Finally, the DO concentration
approached zero at the bottom of the lake in the flood period. The
variation of pH in the impoundment period and the flood period
was not significantly different (not shown), and all samples were
alkaline with a pH range of 8.0 to 9.4.

Concentration of nitrogenous species

Nitrate was the main component of dissolved inorganic nitrogen
in the profile samples, accounting for 91% and 79% in the
impoundment period and flood period respectively. The highest
NO; -N concentration occurred in the impoundment period
with a value of 1.76 mg L', which is lower than the highest value
(4 mg L") of the previous studies.”” The nitrate concentration in
the three profiles showed similar trends from the surface to the
bottom during each period, but slightly varied between the two
periods (Fig. 3 and 4). There was spatial variation of NO; -N
concentration in three profiles in the impoundment period, but
no significant spatial variation in the flood period. Low NO; -N
concentrations were observed in the surface water, gradually
increasing with depth and then remaining stable from 12 m to
the lake bottom during the impoundment period (Fig. 3a).
During the flood period, the NO; -N concentration remained
stable from the surface to 8 m depth at sites BD and NL, then
gradually increased with depth until the highest values were
encountered at 12 m, and then decreased with depth. At site SL,
the NO; -N concentration remained relatively stable, varying
slightly from the surface to 10 m depth and decreased with depth

n
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Fig. 2 Water column profiles of DO and T during the (a) impoundment period and (b) flood period in HF lake during 2013.

from 10 m to the bottom (Fig. 4a). The DON concentration in the
flood period ranged from 0.02 to 0.78 mg L™, which is higher
than that (in a range of 0.01 to 0.47 mg L™ ') during the
impoundment period. Most samples in the impoundment
period had low DON concentrations (<0.2 mg L™"), except one
sample in profile NL at a depth of 4 m. The DON concentration
of the three profile sites in the flood period showed an increasing
trend from the surface to the lake bottom. All samples in lake
water had low NH,-N and NO, -N concentrations and some
were below the detection limits during both sampling periods.

During the two sampling periods, river samples had
a similar range of NO; -N, from 0.54 to 4.12 mg L™, and 0.27 to

NO, -N(mg/L)
00.0 QﬁS 1.0 1;5

5N-NO,” (%0)

4.98 mg L' in the impoundment period and flood period
respectively, which is higher than that of the lake water
samples, but a spatial variation of NO; -N concentration in
tributaries was found. For example, the average NO; -N
concentration (0.82 + 0.88 mg L") in the tributaries (R3, R4
and R5) of SL is lower than the average NO; -N concentration
(3.4 + 1.4 mg L") in the other three tributaries (R1, R2 and R9)
of NL during the impoundment period. Higher NH,'-N was
observed during the impoundment period than the flood
period, which ranged from 0.03 to 0.86 mg L', with a mean
value of 0.2 mg L ™" in river samples. The DON concentration in
river samples during the flood period (0.53 #+ 0.89 mg L") had
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Fig. 3 Water column profiles of dissolved (a) NOs =N, (b) 3>°N-NO5~
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, and (c) 3*80—-NO5~ in HF lake during the impoundment period in 2013.
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Fig. 4 Water column profiles of (a) dissolved NOs™ =N, (b) 8*°N-NOs~ and (c) 380-NO3~ in HF lake during the flood period in 2013.

a higher average value than in the impoundment period (0.25 +
0.61 mg L~'). Precipitation samples had higher NH,-N
concentrations than river and lake samples with an average
value of 0.89 £+ 0.6 mg L', and low NO; -N concentrations
ranging from 0.07 to 0.71 mg L™ .

Nitrate dual isotopes

The 3"N-NO,  and 3'®0-NO,” values of HF lake in the
impoundment period ranged from +10.9 to +15.9%,, with a mean
value of +12.8 + 1.3%,, and from —4.0 to +3.49,,, with a mean value
of +0.3 £ 1.9%,, respectively (Fig. 3b and c). There was no obvious
difference in 8°N-NO, ™~ and 3'%0-NO, ™~ values from the surface to
the bottom in the sampling site NL, but 3'>N-NO,~ and 3'%0-
NO;™ values gradually increased with depth in the sampling site SL
during the impoundment period. In addition, the 3'’N-NO;~ and
3'®0-NO;~ values of NL and SL in the flood period ranged from
+10.8 to +34.19,,, with a mean value of +15.6 & 6.49,, and from +4.4
to +13.79%,, with a mean value of +7.7 £ 3.09,, respectively (Fig. 4b
and c). The two profiles showed the same vertical variation with the
water with low 3'°N and 8"0 values being located at the surface of
the lake and high values being located below 12 m depth.
Nitrate isotopes in river samples ranged from +8.1 to
+22.1%,, with a mean value of +11.6 + 4.09,, (mean £ 1 SD) for
3'°N-NO;~ and from +0.9 to +6.0%,, with a mean value of +3.8 &
1.9%, for 8'80-NO; . The highest 3'°N-NO;~ value (+22.1%,)
and lowest 3'®0-NO; ™ value (+0.9%,) were detected at the same
site (R5). The 3'>N-NO; ~ and 3'®*0-NO;~ values of precipitation
samples ranged from —3.2 to +3.49%,, and +48.2 to +74.6%,,, with
mean values of —0.6 + 1.6%, and +60.3 + 7.9%,, respectively.

Discussion

Factors influencing the nitrogenous species and
concentrations of HF lake water

Biological organisms involved in the nitrogen cycle obtain energy
from the processes of mineralization and nitrification. In an

1740 | Environ. Sci..: Processes Impacts, 2018, 20, 1736-1745

optimal aquatic ecosystem, the primary or unique nitrogenous
species should be nitrate.** Under aerobic conditions, e.g. during
the impoundment period, organic nitrogen can convert to NH," by
mineralization and subsequently to NO; ™~ by nitrification, species
which can all be used by aquatic organisms.*® However, the
continuous input of reductive species, like NH," and sediments
from the catchment, will consume and decrease the concentration
of DO, which will result in incomplete mineralization and nitrifi-
cation. Comparing the two periods, the lower levels of DON, NH, -
N and NO, -N concentrations in all three profiles during the
impoundment period suggest less input of these species from
tributaries or complete nitrification. The DON concentration of
the three profile samples showed a vertically increasing trend
during the flood period, which might be the result of incomplete
decomposition of sinking phytoplankton or particles from the
upper lake water due to the consumption of DO.*® At the BD site,
mineralisation at the bottom of the lake may cause a slight decline
in NH,"-N concentration with depth. The spatial variation of
NO; -N was larger during the impoundment period than the
flood period, which suggests that nitrate sources and trans-
formations varied between the two periods.*” A low average NO; -
N concentration in tributaries of the SL site was observed during
the impoundment period, which is one possible reason for the
lower NO; -N concentration at site SL than at site NL (Fig. 3a).
Additionally, the limited exchange between the two regions of the
lake (NL and SL) also is a potential reason for spatial variation.

Fate of nitrogen in karstic lake based on nitrate isotopes

Biogeochemical processes and source mixing not only impact
aquatic nitrogenous levels but can also have an influence on the
isotopic composition discrepancy between lake water and its
riverine sources.”” The temporal variation of nitrate concentra-
tion and isotope values (Fig. 3 and 4) suggests that different
processes control the lake nitrate dynamics during the
impoundment period and flood period. Mineralization and
nitrification convert organic nitrogen to inorganic nitrogen in

This journal is © The Royal Society of Chemistry 2018
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the aquatic system. The increasing NO; -N concentration from
the lake surface to 10 m suggests assimilation or production
from DON by mineralization and nitrification at depth during
the impoundment period. In the lake system, aquatic plants can
take up nitrogen from water, which converts inorganic nitrogen
into organic nitrogen. High chlorophyll concentrations indi-
cating assimilation are mostly found in near surface water.””
The relatively stable hydrological condition during the
impoundment period may facilitate formation of an active
microbial community.*® However, the slight variation observed
in dual nitrate isotopes means that there is uncertainty as to
whether assimilation is a dominant process.

Previous research found that oxygen atoms in nitrate derived
from nitrification originate from surrounding oxygen and water
oxygen with a ratio of 1 : 2. However, other research found that
more oxygen atoms are derived from water by oxygen exchange
with nitrite during nitrification.* The 8"*0-H,0 of HF lake in
this study ranged from —7.5 to —5.3%,, giving a theoretically
calculated nitrate 3'%0 range from +2.8 to +4.3%,. This calcu-
lated 3'%0 range is higher than the measured values during the
impoundment period and lower than during the flood period.
In addition, Swart et al. (2014) found a concentration depen-
dence for the fractionation of 3'°N and §'®0 during macroalgal
assimilation of NO; . High concentrations of NO;~ (more than
100 uM) can enrich "N in the residual NO;~, and result in
a1: 1 ratio between 3'°N and 3'%0.* This suggests that the low
3'80-NO; ™ values during the impoundment period may result
from oxygen exchange during nitrification and the high 5'%0-
NO;™ values during the flood period may result from denitrifi-
cation and assimilation. In addition, the relatively lower nitrate
concentration and lower dual nitrate isotope values at the SL
site than the NL site from the surface to 10 m preclude the
assimilation process, which also demonstrates that the gradu-
ally increasing nitrate concentration with depth is produced by
nitrification. Degradation and conversion to nitrate of sinking
particulate organic nitrogen (PON) could explain the increasing
NO; -N concentration from 8 to 12 m during the flood period.
The aerobic conditions during the impoundment period
exclude the possibility of denitrification, but the low DO
concentration (near to 0 mg L") in bottom waters during the
flood period creates suitable conditions for denitrification.
Denitrification is then a plausible explanation for the decrease
in NO3; -N concentration from 12 m to the lake bottom during
the flood period.

Aquatic plants fix nitrogen through photosynthesis from the
atmosphere into aquatic environments with little isotopic
fractionation. Consequently, bio-immobilized nitrogen isotope
values should be close to atmospheric N, isotope values (0%,).">
Ammonia oxidation and nitrite oxidation are the two steps of
nitrification, with the finally produced nitrate having similar
isotope values to the original substrate (0%,).** If significant
NH," from mineralization is converted to NO;~ by nitrification
under aerobic conditions, 3'°N-NO;~ will have a low value at
the commencement of the process and increase with
continuing nitrification.** Conversely, low NH," concentrations
suggest complete nitrification. High 3"°N values (>11%,) and
a positive relationship between NO; -N concentration and 3"°N

This journal is © The Royal Society of Chemistry 2018
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values (3'°N = 2.7 x [NO; -N] + 8.5 R* = 0.97 in NL and 3"°N =
2.1 x [NO; -N] + 10.0 B> = 0.93 in SL) in the upper layer
(0-10 m) suggest enrichment of N in NH,", resulting in high
isotope values in nitrate subsequently produced by nitrification.
The highest value of NO; -N concentration at 10 m depth may
indicate that nitrification occurred to a greater extent at the
bottom of the thermocline due to the sinking of aquatic
organisms from the upper layer. However, higher 3'*0-NO;~
values can be observed at the same time, which suggests
enrichment of *®0 in O, involved in this process.

Denitrification as one of the major sink processes in the
nitrogen cycle can consume nitrate to produce N,O or N,,
depending on the bacterial enzyme.> Denitrification is
strongly influenced by redox conditions, especially at the
water-sediment interface of lakes. There is significant
temperature variation between rivers, karst underground
water, and lake water, and between the upper and lower parts
of the water column due to thermal heating by solar radiation.
This results in the occurrence of a thermal zone, which may
also result in a redox transition zone in the lake system,
facilitating the removal of nitrate. Although a heated surface
zone can be observed during both periods, the redox transition
zone during the flood period is more pronounced than during
the impoundment period, suggesting that denitrification is
likely to occur during the flood period. In closed systems, such
as deep groundwater or lakes, the nitrate dual isotopes during
denitrification have been observed to increase with a ratio of
2 : 1 with decreasing nitrate concentration.**** The isotopic
fractionation during denitrification is equal to the slope of the
relationship between 3"°N/3'®0 and In(NO; ") in the Rayleigh
equation. The coupled increase in isotopic values suggests
that denitrification may be occurring, particularly at the lake
bottom during the flood period. The linear relationship
between 3"°N/3'®0 and In(NO; ") at the lake bottom suggests
isotopic fractionation effects of —10.7%, for 3'"°N-NO;~ and
—4.7%, for '®0-NO; ™ (Fig. 5b).

To calculate the extent of denitrification by the Rayleigh
distillation equation, initial isotopic composition values and
isotopic enrichment factors are required. We used average
nitrate isotope values of the upper layers (0-10 m) as the initial
isotopic composition values. Thus, the initial 3"°N-NO; ™ values
for the sites of SL and NL were assigned as +12.69,, and +10.99,,,
respectively. The calculated results suggest that denitrification
removed up to 53% of nitrate in SL and 89% of nitrate in NL
from a depth of 12 meters to the bottom of the lake during the
flood period. The size of the redox transition zone is larger in NL
than in SL, which resulted in favorable anaerobic conditions for
complete denitrification. This spatial variation in the extent of
denitrification between SL and NL may be caused by the
difference in the exposure time of nitrate in the depth-induced
anoxic zone.*®

Nitrate source contribution based on SIAR

The nitrate isotope values measured in this study are substan-
tially different to 09, so the contribution of algal nitrogen
fixation to the lake nitrogen budget is probably negligible.
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Fig. 5 The relationship between (a) 3*>°N-NO3z~ and 5®0-NOs~ values of lake samples during the two sampling periods and (b) the linear
relationships between the natural log of nitrate concentration and nitrate isotope values (3'°N and 3'0) of bottom waters (below 12 m) during
the flood period in 2013. The gray shade area represents theoretical 30 ranges produced by nitrification.

Although exchange between the bottom of the lake system
(including water and sediment) and upper water is limited
during periods of thermal stratification, the exchange process
can occur and release nitrate sources from the bottom of the
lake system when thermal stratification is removed. Most
oxidized nitrogen species can be removed by denitrification, but
85% of the nitrogen in sediments of HF lake was organic, which
can nitrify and increase oxidized nitrogen species again.*®
Sediment is also one of the potential endogenous nitrogen
sources in river and lake systems.*** Nutrients may be contin-
uously added to the surface layer from the interface by active
nitrogen cycling across the interface between sediment and
bottom waters in HF lake.?® The water-sediment interface and
lower layer (two depths at the bottom of the lake) can hence be
thought of as one contributor, which is an internal source.

Table 1 The 3*°N and 320 values of endmembers in HF lake

The isotopic composition of nitrate in the tributaries varied,
indicating the major nitrate sources in each river may vary.
Although the tributaries exhibited different nitrate isotopic
signatures (+11.6 + 4.0%, for 3'"°N and +3.8 + 1.9%, for 5'%0),
they can be defined as a single external source relative to HF
lake. Precipitation is also a potential nitrate source with higher
3'%0-NO;~ values than the other sources (tributaries and
water-sediment interface). Additionally, ON degradation and
subsequent nitrification had an obvious influence on the nitrate
composition, so can also be defined as an endogenous source in
the lake system. Here we choose the 3'°N-PON value (11.4%,)
from the same lake and the 5**0-NO; ™~ values of the first three
sites of SL during the impoundment period, which showed an
obvious nitrification signature, to represent the ON source
values in calculations.*®

This study found that four sources contributed to the
nitrate measured in HF lake, using the nitrogen and oxygen
isotope values of HF lake and the isotopic values of each
source (Table 1), and the source contribution can be calcu-

3"°N-avg 3"°N-std 3'%0-avg 3'%0-std lated b d . h ¢
Potential sources (%) (%) (%) (%) ated by SIA.R. In. order to 1mpr.ov.e t e.: accuracy o .SIAR
results, the isotopic effect of denitrification for dual nitrate
Tributary 11.8 5.3 3.9 2.1 isotopes (calculated in Fig. 5b) was used during the flood
: 15 . . .
ON degradation 11.4 0.0 —2.9 1.0 period. The results demonstrate that the primary nitrate
Imer,n‘fll Soutee 14.8 11 16 20 source of the lake came from ON degradation and the water-
Precipitation —0.6 1.6 60.3 7.9 . . . .
sediment interface contributed 51% and 38% (Fig. 6a), and
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Fig. 6 Calculated contribution of each nitrate source by SIAR of the (a) impoundment period and (b) flood period.
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33% and 24% (Fig. 6b) of nitrate during the impoundment
period and flood period, respectively. The tributary contrib-
uted more nitrate to the lake during the flood period (37%)
than the impoundment period (10%) and precipitation made
a low contribution to nitrate concentrations during the two
sampling periods. Source apportionment showed that
internal sources make a higher contribution during the
impoundment period than the flood period, suggesting a high
contribution from the water-sediment interface release under
aerobic conditions.

The nitrate source apportionment conducted in this study
could provide guidance for the conservation of HF lake and set
a clear target for controlling the nitrate input. The endogenous
contribution (ON degradation and the water-sediment inter-
face) should be the first considered factor for water quality
management. However, the tributaries should also be consid-
ered as the highest exogenous contributor to HF lake. Previous
studies concluded that chemical fertilizer and manure consti-
tuted the main loss of nitrogen from the adjacent karst agri-
cultural catchment.®*® So, we conclude that nitrate derived from
agriculture may constitute the majority of nitrate introduced by
tributaries to HF lake.

Conclusion

Water sampling from the HF lake catchment in the karst area
of SW China was carried out for over two periods represen-
tative of the two major flow conditions encountered in this
region. Water chemistry and the concentration of different
species of nitrogen were analyzed. The results indicate that
the main component of nitrogen in the HF lake was nitrate
accounting for 91% and 79% in the impoundment period
and flood period, respectively. Nitrification is thought to be
the main process that controlled nitrate during the
impoundment period and in shallow water (0-10 m) in the
flood period. A lower degree of assimilation may occur at SL
during the flood period but this doesn't have a significant
influence on nitrate concentration. Denitrification was
detected at the bottom of the lake during the flood period,
and the results from the Rayleigh distillation equation
showed that 53% and 89% of nitrate were removed by deni-
trification at the bottom of the SL and NL, respectively. The
nitrate contribution from precipitation, ON degradation, the
water-sediment interface, and the tributaries was calculated
using SIAR. The results suggest that endogenous contribu-
tion (ON degradation and water-sediment interface derived
nitrate) input was the main nitrate source to HF lake,
contributing the majority of nitrate to the lake (51% and
38%, and 33% and 24% during the impoundment period and
flood period respectively). The tributary made a greater
contribution to the lake during the flood period (37%) than
the impoundment period (10%).
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