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ABSTRACT

Measured responses to monsoon inflow into Taechung Reservoir, Korea support
loading theory. During an intense monsoon in 1993 there was nearly twice the total
phosphorus (TP) and three times the non-volatile suspended sediments (NVSS) relative
to a weak monsoon in 1994. Across both monscon seasons, water residence time was
negatively correlated with TP and NVSS (r > -0.92). Despite lower TP levels, volumetric
chlorophyll values (Chl) were larger by ~ 45% during the weak monsoon. This increased
response to the limiting nutrient was attributed to longer residence time and reduced
suspended load. The reservoir showed sharp longitudinal zonation during the intense
monsoon in 1993 with a light limited riverine zone created by strong advective inflow.
With a downlake decline in the suspended load the photic depth doubled and
autochthonous production became important. Within the transition and lacustrine zones
Chl was responsive to nutrients and volatile solids dominated the seston. An interflow
resulted in weak stratification and moved oxygenated water, at mid-depths in the water
column, the length of the mainstem. During the weak monsoon in 1994 there was no
apparent riverine zone within the sampled reach and lacustrine conditions dominated.
High yields of Chl per unit of TP suggested bloom conditions were sustained throughout
the reservoir. Low flow resulted in strong stratification and the anoxic zone extended
through > 30% of the water column within the lacustrine zone. These data demonstrate
that large inter-annual differences in water quality and associated longitudinal gradients
within an individual reservoir are regulated by monsoon intensity.

INTRODUCTION

The summer monsoon in Asia accounts for 50-70% of the annual precipitation
(Watts 1969), and evidence suggests it is a major factor determining external loading and
temporal patterns in lakes of the region. Studies, conducted mostly in subtropical South
Asia, show that during the monsoon there is a reduction in algal levels, likely in response to
suspended sediment and reduced water residence time. In some cases, phosphorus increases
in response to external loading (Jones et al. 1997). These changes result in sharp seasonal
patterns tied to the cyclic monsoon climate.

Monsoon intensity will also directly influence longitudinal patterns and
limnological processes within mainstem reservoirs. Longitudinal gradients in physical,
chemical and biological factors occur along a continuum from inflow to the dam
(Thornton et al. 1981). An established heuristic model divides this continuum into three
zones: a headwater, riverine reach, dominated by fuvial inputs; a lake-like lacustrine zone
with nutrient limitation; and, an intermediate transition zone where autochthonous
production becomes important (Kimmel and Groeger 1984). These zones are not discrete
and change from predominately lacustrine conditions during low inflow to riverine-
dominance during spates (Thornton et al. 1990). Thus, flood events such as the monsoon
reset these processes and patterns.
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Our study evaluated how monsoon inflow influenced limnology and longitudinal
patterns within the mainstem of Taechung Reservoir, Korea during 1993 and 1994.
Precipitation during monsoon 1993 was > 2.5 times greater than monsoon 1994, and the
sharp contrast illustrates how inflow determines processes and longitudinal zonation in an
indtvidual reservoir.

METHODS AND MATERIALS

Sampling Sites and Sample Collection: Taechung Reservoir, South Korea (36°50' N,
127° 50'E) was formed December 1980 by impounding the Keum River about 150 km
upstream from its estuary (Fig. 1). Nine mainstream sites were sampled to represent
conditions along the longitudinal axis. Herein, we use "location X km" to represent the
position of a given site reiative to the dam. Surface water samples were collected three times
during monsoon (July - August) 1993 and on four occasions during 1994.

Analyrical Methods: Water samples were covered on ice, and either preserved or
analyzed within 12 - 36 hours. Secchi transparency, temperature and dissolved oxygen (YSI
Model 51B meter) were measured in the field, and specific conductance (YSI Model 33)
was measured in the laboratory. Total nitrogen (TN) was measured by second denivative
after a persulfate digestion (Crumpton et al. 1992). Total phosphorus (TP) was determined
using ascorbic acid after persulfate oxidation (Prepas and Rigler 1982). Total suspended
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Figurel. Map of Taechung Reservoir showing sampling sites.
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solids were determined by using preweighed Whatman GF/C filters. Filters were weighed
after drying at 103°C for one hour. Non-volatile suspended solids (NVSS) were determined
by combustion at 550°C for one hour (A.P.H.A. 1985), and volatile suspended solids (VSS)
were determined by difference. Chlorophyll (Chl) was measured spectrophotometrically
(Beckman Model DU - 65) after extraction in hot ethanol (Sartory and Grobbelaar 1984).
Nutrient analyses were performed in triplicate; suspended solids and Chl were measured in
duplicate. Water Residence Time (WRT in days, Knowlton and Jones 1990) was estimated
using lake surface area, volume and inflow on each sampling date. Precipitation and
evaporation were not included in the estimate of WRT.

Monsoon Hydrology: Annual precipitation at the reservoir averaged 1100 mm during
1981 - 1994. The major difference in rainfall between 1993 and 1994 occurred during the
monsoon. Precipitation during July-August 1993 was 660 mm, and monsoon 1994 rainfall
was only 251 mm.

Total inflow in 1993 was four times that of 1994 (0.83 x 10° m?), and summer inflow
in 1993 was ei§ht times greater than summer 1994. In 1993, daily outflow ranged from a
peak of 995 m’ sec” in August to a base flow of 31 m’ sec” in February. In contrast, peak
instantaneous outflow in 1994 was 83 m’ sec” and the lowest was 2 m’ sec”’. Mean water
level was 71 m (MSL) in 1993 and 66.2 m in 1994. Lake stage during the monsoon was >
10 m greater in 1993 than 1994.

RESULTS

Physical Conditions and Hydrology -

Longitudinal patterns in Tacchung Reservoir varied dramatically with monsoon
intensity. During monsoon 1993, water residence time (WRT) averaged 24 d, ranging from
3 d at the uppermost site to 35 d at the dam (Fig. 2a). Within the riverine zone (37-50 km,
sites 1, 2, and 4) WRT was less than a week, and this reach composed 25% of the reservoir
area. The downlake lacustrine zone in 1993 (0-6 ki, sites 10,14,15 and 16) composed 60%
of the area. The transition zone (7-27 km, sites 7, 8), where WRT was ~ 10 days. occupied
the mid-reach. In contrast, during monsoon 1994 WRT ranged from 10 d at the uppermost
site to 120 d at the dam (Fig. 2e). Within the upper 25% of the reservoir WRT averaged 10
to 14 d; this matches WRT within the 1993 transition zone. Downlake lacustrine conditions
dominated the reservoir in 1994.

Conditions During an Intense Monsoon (1993)

Inflow during the July-August monsoon 1993 resulted in a mixed layer (Z,) that
averaged 7.2 m across the entire reservoir but decreased in thickness from 12.3 m in the
headwaters to 4.6 m at the dam. Below the mixed layer, a nearly isothermal interflow, 2 — 3
°C cooler than the upper strata, dominated the water column to a depth of about 32 m (Fig.
3a). On average there was a decrease of ~ 3 °C in the upper 10 m of the reservoir during the
monsoon (Fig. 2b). Below the interflow layer there was a sharp temperature cline of > 10 °C
(Fig. 3a). Oxygen values < 3 mg/L. were limited to strata below the interflow layer within
the lacustrine zone (Figs. 2¢ and 3c).

Conductivity measurements, 30% smaller than downlake values (Fig. 2d). clearly
characterized the extent of the riverine zone above a plunge point (located at ~ 37 km). A
sharp increase in conductivity below this point marked the transition zone. Within the
riverine zone NVSS averaged >18 mg/L and composed 85% of TSS, and Secchi values
were ~ 0.5 m (Figs. 4a and 4b). Given deep mixing and allochthonous particulates within
this reach, the ratio of the mixing depth (Z,,) to the photic depth was >10 (Z,,:Z, Fig. 4¢).
Algal response to phosphorus was low in the riverine reach (Chl:TP was < 0.13. Fig. 5d)
where rapid flushing and light-limitation were likely important. Non-algal turbidity values
were >1 (Fig. 4d, T, = (1/Secchi — 0.025 * Chl), Walker 1986) which is consistent with
conditions dominated by allochthonous particulates and light-limitation.
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There was a strong downlake gradient in the suspended load such that within the
lacustrine zone NVSS was < 5% of the uplake concentration. At the dam, VSS composed
two-thirds of TSS, indicating a downlake switch to autochthonous materials in the
suspended solids. Secchi depth in the lacustrine zone was about five times that in the
riverine. With downlake declines in mineral turbidity and a shallower mixing depth, the
Zy'Z,ratio changed from > 4 to < 2 within the transition zone. Within the lacustrine zone
ZnZywas < 1 (Fig. 4¢).

Total nitrogen (TN) averaged >1.6 mg/L at all sites, and peaked slightly mid-lake
(Fig. 5a) where fish farms and a wastewater disposal plant may locally influence water
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Figure 2. Longitudinal gradients in water residence time (WRT), temperature change
within the top 10 m (surface temperature minus temperature at 10 m), % of the water
column with dissolved oxygen concentrations <3 mg L™, and conductivity (as
uS/em) along the mainstream sites, and functional zones during monsoon 1993 and
1994. Each data point indicates a seasonal mean (n > 3) during July — August in
1993 and 1994, and the longitudinal gradient was characterized using locally-
weighted sequential smoothing (LOWESS; Cleveland 1979). Letters R, T and L
indicate the riverine, transition, and lacustrine zones, respectively.

154



quality, but lower TN values in late monsoon inflow also contributed to the pattern. Total
phosphorus values in the riverine zone were > 100 pg/L (Fig. 5b), and a downlake decline
to <30 ug/l. was strongly correlated with a concurrent decline in NVSS (r=00985,p<
0.001, n = 9) and inversely correlated with WRT (r = -0.90, p <0.001, n = 9). The ratio of
TN:TP was 15 in the riverine zone but increased to >30 in the lacustrine reach, reflecting
lower TP values downlake and an increase in phosphorus limitation. Chl peaked at ~25
ug/L within the transition zone (Fig. Sc). Within the transition-lacustrine reach Chl was
strongly correlated with TP (r=0.87, p < 0.001, n = 6) and the yield of Chl per unit of TP
(ChL:TP) was > 0.4, which indicates algal biomass responded to the phosphorus supply (Fig.
5d, Walker 1986).

Conditions During a Weak Monsoon (1994)

Greatly reduced inflow during monsoon 1994 resulted in strong stratification; the
epilimnion (Z,,) averaged 2.3 m (Fig. 3b). Surface temperature near the dam during July-
August 1994 (29.6 °C) was 5.4 °C warmer than during monsoon 1993. Below the
epilimnion, temperatures declined sharply with depth. On average there was a decrease of
>7 °C in the upper 10 m of the reservoir during the monsoon (Fig. 2f), and the magnitude of
density change within this depth was about three times greater than during monsoon 1993.
At depths between 18 and 30 m within the water column, water temperatures were ~ 13
°C cooler in mid-July-August 1994 than during 1993 (Fig. 3b). Oxygen values < 3 mg/L
in the bottom waters extended throughout the reservoir (Figs. 2g and 3d) and accounted for
>30% of the volume within the lacustrine zone.
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Figure 3. Isopleth diagrams of temperature in the water column (°C) during 1993 (A) and
1994 (C). and dissolved oxygen in the water column {mg L") during 1993 (B) and
1994 (D). Data were collected at a sampling site near the dam.
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Drought during monsoon 1994 resulted in two functional zones within the sampled

reach; a transition zone uplake and lacustrine conditions throughout the lower 75% of the

reservoir. Relative to monsoon 1993, TP and NVSS declined by ~ 50 and 75%,

respectively, while conductivity and Secchi transparency increased by ~ 35% and 20%,

respectively (Figs. 4 and 5). These between year differences were larger uplake than at sites

near the dam. With shallower stratification and greater water clarity in 1994, the photic zone

exceeded the mixing depth at all sampling sites (Fig. 4g) and there was no indication of light

limitation by allochthonous particulates anywhere in the mixed layer (Fig. 4h). |
There were modest longitudinal gradients in nutrients and suspended load along the

main axis during monsoon 1994 (Figs. 4 and 5). On average NVSS was about three times
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Figure 4. Longitudinal gradients in nonvolatile suspended solids, Secchi depth. ratio of the
mixing depth to the photic depth (Z,:Z,), and nonalgal turbidity (T,, = (1/Secchi —
0.025 * Chl), Walker 1986) along the mainstream sites and functional zones during
monsoon 1993 and 1994. Each data point indicates a seasonal mean (n > 3) during
July ~ August in 1993 and 1994 and longitudinal gradient was characterized using
locally-weighted sequential smoothing (LOWESS; Cleveland 1979). Letters R, T
and L indicate the riverine, transition, and lacustrine zones, respectively.
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greater in the transition zone than downlake (Fig. 4e), and there was a switch from

dominance of TSS by mineral turbidity uplake (NV. SS>VSS) to dominance by

autochthonous materials within the lacustrine zone (VSS>NVSS). TP decreased by about

three-fold downlake. TN values peaked mid-lake (Fig. Se) and declined downlake to < 1.4

mg/L. Ratios of TN:TP were 35 to 40 uplake and >80 near the dam. Within the mainstem

Chl averaged ~ 30 ug/L in 1994, this was ~ 45% greater than 1993 levels (Fig. Sc and g). At !
headwater sites, monsoon 1994 Chl was about three times larger than in 1993. In 1994 Chl

was highly correlated with TP (r = 0.95, p <0.001,n = 9) and ratios of Chl: TP were near

unity (Fig. 5d).
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Figure 5. Longitudinal gradients in total nitrogen, total phosphorus, chlorophyll. and ratio
of chlorophyll to total phosphorus, along the mainstream sites and functional zones
during monsoon 1993 and 1994, Each data point indicates a seasonal mean {(n > 3)
during July — August in 1993 and 1994 and longitudinal gradient was characterized
using locally-weighted sequential smoothing (LOWESS; Cleveland 1979). Letters
R, T and L indicate the riverine, transition, and lacustrine zones, respectively.
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DISCUSSION

Measured responses to monsoon inflow into Taechung Reservoir were consistent
with loading theory (Edmondson 1961, Vollenweider 1976) — that being, externai input
determines in-lake concentrations of nutrients and suspended materials, and values are
greater in wet years than dry ones. During the intense monsoon in 1993 the reservoir had
nearly twice the TP and over three times the NVSS content relative to the weak monsoon in
1994. Across both monsoon seasons, WRT showed a strong negative correlation with both
TP and NVSS at the sampled sites (log transformed data, r > -0.92, p < 0.0001, n=1 3),
thereby demonstrating the role of external inputs. Despite lower TP levels, volumetric Chl
measurements were larger by ~ 45% during the weak monsoon. This response is consistent
with studies showing that high levels of suspended solids in wet years, and associated
abiotic factors, weaken the relation between nutrients and algal biomass (Jones and
Knowlton 1993, Jones et al. 1997). When expressed on an areal basis, however, differences
between years were modest. Deep mixing in excess of the photic depth in 1993 resulted in
areal Chl values of 130 mg" m™ while in 1994 the photic depth contained 110 mg" m™

Spatial heterogeneity was also consistent with reservoir patterns determined by
watershed runoff - sharp longitudinal zonation was measured during the intense monsoon
but not when inflow was weak. In 1993 the reservoir clearly showed a typical niverine zone
with short WRT and limnological characteristics created by strong advective inflow. Values
of NVSS >10 mg/L (Jones and Knowlton 1993), values of T, >1 (Walker 1986) and ratios
of Zw:Z, >10 (Grobbelaar 1985) within the riverine zone exceeded published criteria used to
identify light limitation. Within this reach the yield of Chl per unit of TP was only ~ 15 % of
levels expected in natural lakes (Jones and Bachmann 1976); reduced Chl: TP yields of this
magnitude are typical of inflows with allochthonous particulates (Jones and Novak 198 1).
The 1993 transition zone, where WRT was about 10 d, was positioned below a plunge
point. On average, there was a decline of ~ 2 ug/L. TP and ~ 0.4 mg/L NVSS per km and
concurrent doubling of the photic depth along the mainstem during 1993. With loss of the
suspended load, nutrient limitation and autochthonous production became increasingly
important. Within the transition zone Chl values matched the relationship to TP found in
natural lakes (Jones and Bachmann 1976), and this Chl-TP fit extended the entire length of
the lacustrine zone which occupied the lower 60% of the reservoir in 1993. Among the
sampled sites, the proportion of VSS in the seston (VSS/TSS) was strongly correlated with
WRT (r = 0.96, p < 0.001, n = 9), demonstrating a downlake increase in autochthonous
production. This sequence of changes along the length of Taechung Reservoir matches the
hypothetical model for reservoir processes in which the downlake loss of suspended load
and increased transparency favor nutrient regulation of algal growth (Kimmel et al. 1990).

During monsoon 1994 advective inflow was not sufficient to establish
distinguishable riverine zone within the sampled reach, giving the reservoir the
characteristics of a tributary reservoir with long-residence time (Kimmel et al. 1990). Light
limitation was not indicated either by the suspended load or physical measurements (Zw:Z,
and Ty,) at any of the sampling sites, and yields of Chi per unit of TP near unity suggest
bloom conditions were sustained throughout the reservoir during monsoon 1994 (Jones and
Bachmann 1976, White et al. 1985). Bluegreen algae dominated the algal assemblage
during monsoon 1994 and may have contributed to this high Chl: TP ratio (An and Jones
2000). Advective nutrient supply to the headwaters was demonstrated by modest
longitudinal gradients in most water quality variables. Downlake declines in phosphorus and
suspended solids averaged ~ 0.5 ug/L TP and < 0.1 mg/L NVSS per km. These decreases
were similar to gradients during pre-monsoon 1993 (Jones et al. 1997). Uplake
measurements fit the characterization of a transition zone with strong algal response to
nutrients and sedimentation of the suspended load. Below this point, lacustrine conditions

158



dominated Taechung Reservoir in 1994. This zonation is consistent with low flow, modest
advective input, and compression of riverine and/or transition zones to a small, uplake
portion of the basin (Kimmel et al. 1990).

Temperature and oxygen in Taechung Reservoir differed during these years of
contrasting flow. Inflow in 1993 was sufficient to form a cool density current that reduced
temperatures in the water column below pre-monsoon values, weakened stratification, and
transported water with DO between 5 and 7 mg/L. downlake. This contrasts with the classic
pattern (Cole and Hannan 1990) that during high flow hypolimnetic waters are discharged
and replaced by warmer layers from above causing greater temperatures and greater oxygen
uptake in a high flow year. The massive density current and short WRT in 1993 swamped
this process. In 1994 low flow resulted in strong stratification and the anoxic zone extended
into the headwaters.

Data from Taechung Reservoir show that the content of nutrients and suspended
solids and longitudinal zonation is dynamic spatially and temporally in response to
monsoon intensity. Low algal response to nutrients in the headwater riverine zone and an
interflow dominated the limnology of the mainstem during the intense monsoon, while
bloom conditions occurred in lake-like conditions during the weak monsoon. We anticipate
that during an average monsoon, the interflow will be less developed and the riverine zone
will extend further downlake as a prominent feature of longitudinal zonation.
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