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INTRODUCTION

Nitrogen (N) is typically considered one of the
major nutrients controlling eutrophication in
lakes and reservoirs, and has been found to limit
the production of aquatic ecosystems, especially
in middle to low latitudes (White 1982; Vincent
et al., 1984; Jones et al., 1989). Previous studies
have documented that nitrogen comes from point
and nonpoint sources such as agricultural and
urban runoff, industrial effluents, municipal se-
wage and septic tank effluents (Edmonson, 1961;
Schindler, 1977; Soballe and Threlkeld, 1985;
Devito and Dillon, 1993) which lead to deteriora-
ting water quality, resulting in algal blooms, an-

oxia, and fish kills (Hellawell, 1986; Pick and
Lean, 1987; Hamilton et al., 1997). Dynamics of
nitrogen is considerably complex in lentic sys-
tems compared to phosphorus because of diverse
oxidation processes (Harper, 1992).

Recently, reservoir studies in Korea have docu-
mented influences of anthropogenic nutrient en-
richments on lake eutrophication (Kim et al.,
1985; Kim et al., 1988; Ahn et al., 1989; Kim et al.,
1989; Lee, 1999; An, 2000). Investigators have
described that nitrogen is rich in most reservoirs
in Korea but phosphorus concentrations are low;
total nitrogen (TN) is greater than 1.2 mg/L in
Soyang, Chungju, Andong, Hapchon, Okjong,
Jinyang, and Euiam reservoirs, while TP concen-
trations are less than 0.04 mg/L in these reservo-
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irs (Kim et al., 1997). Nitrogen enrichment of
these systems has mainly been attributed to feed
stuffs used in in-lake fish farm industries (Choi
et al., 1988; Kim et al., 1989; Cho et al., 1991,
Hwang et al., 1994), sewage discharges and agri-
cultural runoff from the watershed (Kim et al.,
1997), and they influenced spatial distribution of
nitrogen. This patterns also can be modified by
large morpho-hydrologically complex characteri-
stics of reservoirs and summer monsoon charac-
teristics (Jones et al., 1997; An and Jones, 2000a).
In spite of a limnological progress, roles of nitro-
gen are not clear in Taechung Reservoir, and sp-
atial and temporal behaviors in various fractions
of N are not known. For example, Kim et al.
(1993) and Kim et al. (1994) argued that nitrogen
in Taechung Reservoir is a major limiting nutrie-
nt controlling phytoplankton production and this
pattern changes with seasons. Conversely, Choi
et al. (1988) and Kim et al. (1998) demonstrated
that phosphorus is primary limiting nutrient in
algal growth in Taechung Reservoir. These re-
sults indicate that dynamics of N still are not
well defined in this system. The purpose of the
present study was to evaluate spatial and tempo-
ral variations in various fractions of N in rela-
tion to seasonal flow events and point-source
locations in Taechung Reservoir during 1993~
1994,

MATERIALS AND METHODS

Sampling sites and sample collection

Water samples were collected from 9 mainstem
sites (Site 1, 3, 4, 7, 8, 10, 14, 15 and 16) and 8
embayment sites (Site 2, 5, 6, 9, 11, 12, 13, and
17) of Taechung Reservoir twice each month dur-
ing 1993~ 1994. The map of sampling sites is av-
ailable in An (2000). The selection of sampling
sites was based on the morphometry along the
longitudinal axis and the position of external nu-
trient loads to the reservoir; In-reservoir fish fa-
rms are located at sites 2 and 5~ 9, and the was-
tewater disposal plant is located 10 km upstream
from Site 5. The drinking water supply facilities
for Taejon (Site 12) and Cheongju cities (Site 17)
are located on either side of the dam.

Monsoon climate and hydrology

Hydrology and reservoir morphology markedly
differed between 1993 and 1994. Largest sea-

sonal fluctuations occurred during summer mon-
soon in July ~ August between the two years. Du-
ring the monsoon, precipitation, inflow, and out-
flow volume were>100% greater in 1993 than
1994. In 1993, lake stage increased abruptly
after the monsoon rain while in 1994 it continu-
ed to decline from May to December. Based on
the hydrolofy, 1993 was a flood year and 1994
was a severe drought year. The details of mon-
soon hydrology between the two years are descri-
bed in An and Jones (2000b).

Analytical methods

Water samples collected were covered to pre-
vent exposure to direct sunlight, stored in ice,
and either preserved or analyzed in the laborato-
ry within 12~ 36 hours. Specific conductivity (at
25°C; YSI Model 33) was measured in the labora-
tory. Total nitrogen (TN) were measured by se-
cond derivative method after a persulfate diges-
tion (Crumpton et al., 1992). Total dissolved ni-
trogen (TDN) was measured as for TN after wh-
ole water was filtered using Whatman GF/C fil-
ter paper. Ammonia nitrogen (NHs-N) and nitra-
te-nitrogen (NO3-N) were measured by stan-
dard methods (A.P.H.A., 1985). Dissolved inorga-
nic nitrogen (DIN) was estimated from the sum
of nitrate—N and ammonia-N.

RESULTS AND DISCUSSION

Taechung Reservoir is a nitrogen (N)-rich sys-
tem with low interannual N variation, in spite of
distinct hydrological differences between 1993 (i.
e., an intense-monsoon year) and 1994 (a weak
monsoon-year). Concentrations of total nitrogen
(TN) in 1993 averaged 1.58 mg/L and ranged
from 1.17 to 2.56 mg/L, while in 1994 mean TN
was 1.47 mg/L and ranged from 0.70 to 2.52 mg/L
(Table 1). Also, concentrations and their ranges
of TN in both years did not differ between the
mainstem and embayment sites; in 1993 TN in
the mainstem and embayment sites averaged
1.67 and 1.57 mg/L while in 1994 it was 1.46 and
1.48 mg/L, respectively (Table 1). Mean NO3-N
in 1993 and 1994 was 0.94 and 0.91 mg/L, res-
pectively and there were no significant differenc-
es between the mainstem and embayment sites
as shown in TN. These data indicate that TN
and NO3;-N were relatively unaffected by large
interannual variation of the flow regime. In con-
trast, ammonia-N was 69% greater in 1993 than
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Table 1. Annual mean total nitrogen (TN) measured at sites in 1993 and 1994. Sampling sites are arranged by order of
location along the axis of the reservoir from the headwaters (Site 1) to downlake (Site 17). Annual means at each
site are averages of 11 samples in 1993 and averages of 14 samples in 1994 during all seasons.

1993 1994
Location Annual Mean Range Annual mean Range
(mg/L) (mg/L) (mg/L) (mg/L)
Mainstem
Site 1 1.67 1.24~2.46 143 0.72~2.25
Site 3 1.60 1.27~2.29 1.40 0.74~2.16
Site 4 1.58 1.17~2.33 1.46 0.86~2.11
Site 7 1.62 1.27~2.30 1.60 0.99~2.19
Site 8 1.72 1.27~2.43 1.64 1.05~2.52
Site 10 1.58 1.19~2.27 157 0.95~2.11
Site 14 1.53 1.27~1.96 1.40 1.09~2.07
Site 15 157 1.35~2.12 1.35 1.01~2.12
Site 16 151 1.20~1.90 1.30 1.08~1.96
Embayment
Site 2 1.65 1.28~2.56 144 0.70~2.20
Site 5 1.68 1.29~2.55 1.65 0.96~2.24
Site 6 1.62 1.27~2.26 1.67 1.03~2.17
Site 9 1.72 1.19~2.32 1.67 1.01~2.16
Site 11 151 1.19~1.96 1.44 0.98~1.88
Site 12 1.47 1.10~1.91 1.40 0.92~2.10
Site 13 1.49 1.08~1.94 1.35 0.90~1.55
Site 17 1.40 1.02~1.90 1.27 1.03~1.45
Mainstem mean 1.60 1.17~2.46 1.46 0.72~2.52
Embayment mean 157 1.00~2.56 1.48 0.70~2.24
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Fig. 1. Seasonal changes of total nitrogen (TN), total dissolved nitrogen (TDN), ammonia-nitrogen (NHs-N), and nitrate—
nitrogen (NOs-N) in 1993 and 1994, respectively. Eah data point represents the average values of 17 sites in each
sampling date.
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1994. During the study NH4—N values, however,
were<0.15 mg/L except during July ~August
1993 (Fig. 1). Overall TN values were highly cor-
related (r =0.74 in 1993; r = 0.89 in 1994) with
NO3—-N but not with NHs-N (Fig. 2).
Seasonality of dissolved inorganic nitrogen
(DIN) followed the pattern of TN. Values of DIN
declined continuously from spring to winter in
1993 and 1994 (Fig. 1) and this pattern was
similar to that of NO3;-N. Mean DIN in 1993 was
1.40 mg/L (range: 0.73~2.35 mg/L) and it was
some 14% lower in 1994 (Fig. 2). During both
years, DIN accounted for>90% of TN and a large
fraction (>70%) of the TDN was inorganic. Ove-
rall some 67~94% of DIN was NO3z—-N, whereas
mean levels of NH4-N composed < 5% of DIN.
Under these circumstances, nitrogen limitation

A
25-' :' S »
iy - % £
= 20 F .Y
[=1] s L)
E
- 1.5 1
= A
1.0 a8 ol
-ﬁﬁ-.u‘i
0.5

0.0 0.5 1.0 1.5 2.0
NO3-N (ma/L)

» & 1983
a 1994
T | seme.” ¢
= %
=
=

0.0 0.2 0.4 0.6 0.8
NH4-N (maiL)

Fig. 2. Relationship between TN and NOs-N (upper pa-
nnel, A) and between TN and NH4-N (lower pan-
nel, B) in 1993 and 1994 (Dark circle = 1993; Tri-
angle = 1994). Values of TN were not significant (r
>0.02, p>0.20) with NH4-N in both years.

is likely improbable for phytoplankton growth
because inorganic N was>0.80 mg/L (Morris and
Lewis, 1988). Large amounts of nitrogen typify
this system (Choi et al., 1988). Previous studies
of Taechung Reservoir, however, have addressed
nitrogen limitation but their results are questio-
nable. According to Kim et al. (1993) and Kim et
al. (1994), annual mean TN was 1.69 mg/L (ran-
ge: 0.70~4.44mg/L) in 1991 and mean total pho-
sphorus (TP) was 244 pg/L (range: 77 ~765 pg/L).
This study showed that nitrogen limited algal
growth, based on the TN : TP ratios of 5~8. The
large mean TP values in Taechung Reservoir,
however, may be result from the analytical error
of phosphorus; values of Kim et al. (1993) were
some 6-fold greater than data reported by Choi
et al. (1988; mean = 36 ug/L; range = 10~80 pg/
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Fig. 3. Longitudinal variation of total nitrogen (TN) amo-
ng three seasons of 1993 (upper pannel, A) and
1994 (lower pannel, B). Data points in the premon-
soon, monsoon, and postmonsoon averaged values
during January~June, July~August, and Sep-
tember ~December, respectively.
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L). This possible error is also supported by in -
lake mean TP (25 ug/L) and its range (3~84 ug
/L) in data during 1997 ~ 1998 (Lee, 1999). An
(2000a) found that total phosphorus (TP) declined
by 6 pug/L in the reservoir and soluble reactive
phosphorus (SRP) were below 5 pg/L in most lo-
cations during all seasons except for a short
period of intense monsoon. These outcomes sug-
gest that large amount of nitrogen typify this
system and phosphorus may be a major nutrient
for phytoplankton growth.

Dominant forms of nitrogen varied with season
and year. Monthly TN values were greater dur-
ing all seasons in 1993 than 1994 (Fig. 1). In 1993,
TN declined from in 2.14 mg/L in July to 1.15
mg/L in October but changed little (1.24~1.41
mg/L) during October ~ December (Fig. 2A). TDN
and NOsz-N followed the same seasonal trend as
TN (Fig. 2B, D). Seasonal patterns of NHs-N,
however, differed from those of TN, TDN and
NO3z;-N and also showed a distinct difference be-
tween 1993 and 1994. In 1993, NH4—N values
peaked (0.30 mg/L) in mid-monsoon 1993 (8 Au-
gust), and thereafter rapidly declined by 0.02
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mg/L. In 1994, NH4-N values never exceeded
0.05 mg/L during all seasons and varied little
even during the monsoon. These results suggest
that NH4-N seemed to increase during intense
monsoon runoff unlike other forms of N.

Total nitrogen in the headwaters during mon-
soon 1993 declined about 20% relative to the pre-
monsoon as a result of reduced NOs-N (Fig. 3A).
Declines in N contrasted with phosphorus which
increased > 3-fold during this period (An, 2000b).
The declines of N were probably a result of dilu-
tion of lake water by surface inflow and rain wa-
ter. This supposition is supported by the simul-
taneous reductions in conductivity and cations of
>30% with NO3-N (An and Jones, 2000b). This
result agrees with declines of nitrate during run-
off periods in lakes of hon-monsoon regions
(Gloss et al., 1980; Webb and Walling, 1985; So-
balle and Threlkeld, 1985) and monsoon-regions
(Lohman et al., 1988). In contrast, during mon-
soon 1994 increases of TN were significant (p<
0.05) in the headwaters compared to the 1994
premonsoon (Fig. 3B). This disparity between the
two monsoons seems to be caused by a difference
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Fig. 4. Relationships between monthly mean NHs-N (or NOs-N) and monthly rainfall (or theoretical water residence
time; TWRT). Values of NO3-N had no significance (p>0.10) with the rainfall and TWRT, respectively.
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in inflow regime. Dillon (1975) suggested that
nutrient dilution (N) occured during short resi-
dence time or rapid flushing in Canadian lakes,
thereby reduce lake eutrophication. This also
seems to be true in Taechung Reservoir during
monsoon 1993.

The dilution of nitrate-N was accompanied by
an increase in NH4s-N during monsoon 1993.
Mean NH4-N during monsoon 1993 was over
100% greater (p<0.001) compared to premon-
soon, whereas during monsoon 1994 it did not in-
crease (Fig. 1). During the study, monthly mean
values of NH4s-N were positively correlated (r =
0.85; n=15; p<0.001) to rainfall and had a stro-
ng negative correlation (r = -0.90; n =15; p<
0.001) with theoretical water residence time
(TWRT,; Fig. 4). These relationships indicate that
increases in NH4-N occur, in particularly, dur-
ing large inflow. This fact may be also supported
by the negative correlation (r = —0.78, p<0.001)
between NHs-N and conductivity (Fig. 5). Dur-
ing monsoon 1993 NHs-N was>65 pg/L when
conductivity values were<110 pS/cm, whereas
during monsoon 1994 NHs+-N was <65 pg/L
when conductivity was >125 uS/cm (Fig. 5), re-
sulting in a distinct segregation of water mass
between the two monsoons. This result suggests
that increases in ammonia during monsoon 1993
were attributed to an external input from the
surface runoff, whereas during monsoon 1994
low ammonia with high conductivity was due to
a dominance of groundwater (Devito and Dillon,
1993) during reduced inflow.

Concentrations of N within the reservoir were
mainly influenced by point-sources and inflow
regime. In 1993, mean TN was largest (1.69
mg/L) in the mid-lake (sites 5~9; Table 1), wh-
ere intensive fish farms and the wastewater
disposal plant influenced water quality. Values
of TN mid-lake was 3~11% greater than in the
headwaters (sites 1~4) and downlake (sites 10~
17; Table 1), while in 1994 they were 15~19%
greater compared to the headwaters and down-
lake. The greater mid-lake TN was due to the
influence of the point sources during low inflow
(i.e., 77% of total inflow in 1993). Spatial distri-
bution of NH4—N, however, was determined by
inter-annual variability of inflow regime; in
1993, high-inflow year, mean NH4—N in the he-
adwaters (0.10 mg/L) was 19% greater than mid-
lake, whereas in 1994, low-inflow year, NHs-N
was 38% greater mid-lake. These data suggest
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Fig. 5. Correlation (r = —0.78, p<0.001) between log-
transformed NH.-N (pg/L) and conductivity (uS/
cm) based on the summer data during the study.
Each data point indicates an average by site dur-
ing summer (July ~August) in 1993 and 1994.

that spatial variation of N in Taechung Reservoir
is regulated by a combined effect of point-source
impact and inflow regime (Choi et al., 1988).

ABSTRACT

This paper evaluated the influence of point
source and flow events on inorganic nitrogen
fractions at 17 sites of Taechung Reservoir dur-
ing 1993~1994. Total nitrogen (TN) averaged
1.53 mg/L during the study and ranged between
0.70 and 2.56 mg/L. Dissolved inorganic nitrogen
(DIN) accounted for>90% of TN regardless of
season and location, indicating a nitrogen-rich
system showing eutrophic~ hypereutrophic con-
ditions. Some 67~94% of DIN was NOs-N,
whereas mean level of NHs-N was less than 5%
of DIN. During monsoon 1993, dilution of NO3-N
was evident in the headwaters as a result of mix-
ing of lake water with rain water, while NH;-N
increased >100% compared to the premonsoon.
Values of NHs—-N had a positive correlation with
rainfall (r = 0.85; p<0.001) and negative correla-
tions with theoretical water residence time (r= —
0.90; p<0.001) and conductivity (r = —0.78, p<
0.001), respectively. These outcomes suggest that
NHs-N came from external input from the wa-
tershed during the monsoon. In both years, mean
TN was greater in the mid-lake sites than any
other sites. A great amount of TN in the mid-
lake was most pronounced in monsoon 1994 be-
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cause of an accumulated influence of the point
sources during low inflow. Overall data suggest
that concentrations of TN in this system did not
show large differences along the longitudinal
gradients and its distributions is likely determin-
ed by point-sources rather than inflow regime.
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