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Abstract

Lake Hamana is a semi-enclosed brackish lake amid agricultural and residential land. Monthly vertical profiles of nutrients, total
phosphorus (TP), and total nitrogen (TN) at twelve sampling stations in the lake were obtained from 1995 to 2016. Freshwater
samples were also obtained from five stations in the river flowing into the lake. Significant decreases were seen in phosphate, TP,
and TN concentrations at most lake and all river stations. Decrease in phosphate concentration reflects reduced organic matter and
nutrient load into the lake due to increased sewage coverage. Nitrate concentration significantly increased at four stations,
whereas ammonium and TN concentrations significantly decreased. This could be due to inefficient nitrification/denitrification
of wastewater. At all stations, the nitrogen to phosphate ratio in surface water was higher than 16 and increased significantly.
Therefore, phosphate limitation could be strengthened by the decrease in phosphate and increase in nitrate concentrations in the

lake.
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Introduction

The nitrogen and phosphorus load into coastal waters have
increased by anthropogenic contamination through the past
half century (e.g., Nixon 1995; Amin et al. 2017; Lefcheck
et al. 2018). Cultural eutrophication is progressing in coastal
waters resulting in elevated phytoplankton production rates
and induces bottom hypoxia due to high organic matter pro-
duction and degradation. The extent of hypoxia has increased
dramatically around the world (Diaz and Rosenberg 2008;
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Jenny et al. 2016). Currently, many coastal ecosystems heavi-
ly stressed by eutrophication and hypoxia are threatened by
the loss of biodiversity and alteration of food webs (e.g., Liu
et al. 2015; Ding et al. 2016; Schmidt et al. 2017).

Nutrient concentrations in the highly urbanized coastal wa-
ters have decreased significantly in recent years because of the
implementation of advanced wastewater treatment techniques
(Staehr et al. 2017; Tong et al. 2017; Kubo et al. 2019).
Therefore, there is the potential to greatly change the nutrient
cycling in coastal waters surrounded by residential and agri-
cultural land with increasing sewage coverage because ad-
vanced treatment processes directly reduce nutrient concentra-
tions in wastewater. At sewage treatment plants (STPs), the
process of removing contaminants from municipal wastewater
is classified in three general ways. In primary treatment, sew-
age flows through large tanks which are used to settle
suspended solids. Secondary treatment generally consists of
microbial removal of the particulate and dissolved organic
matter. Moreover, advanced treatment directly removes nutri-
ents; this includes nitrification/denitrification (ammonia and
nitrate removal) and/or phosphate removal processes
(Kadlec and Wallace 2008). Although sewage coverage has
improved worldwide, only a very small fraction undergoes


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-019-06947-5&domain=pdf
https://doi.org/10.1007/s11356-019-06947-5
mailto:kubo.atsushi@shizuoka.ac.jp

Environ Sci Pollut Res (2020) 27:2120-2130

2121

45°N
s
40°N
4
35°N
I. & £ L
130°E 135°E 140°E 145°E
St. D - % 1996
St 11 X 2006 St. 12 Z %//1999
t. —
° o
st 9 St. 10.
' ~ St. C *
1987 O 1982
St. 8
o e
St. 6 St. B
@ St.7 o
St. 5
PSS
O\ sta ""
St. E ® \ ‘
® LH stations
Iy St A Y,
O River stations ._Q@ St. 3° O
@
STP s
e st.1

Fig. 1 Map of Lake Hamana. The black and white circles are the locations of sampling sites in Lake Hamana (LH) and river stations flowing into LH.

The black stars are the locations of the STPs. The numbers on right side of the black stars are the start years of the wastewater treatment
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advanced treatment (WWAP 2017). Since there is limited re-
search on the relationship between the amount of treated
wastewater and the nutrient concentrations in lakes, estuaries,
and coastal waters, available data for predicting the nutrient
cycling change in coastal waters when advanced treatment is
increased are scarce globally.

Lake Hamana, located in central Japan, has agricultural
land to the west, residential areas to the east, and forested land
to the north. It is a brackish lake connected to the Pacific
Ocean, with an area of approximately 70.4 km?. River dis-
charge from the northeastern part of the lake accounts for
70% of the total river discharge. Water residence time in the
lake is about 30 days (Mazda 1999). The ammonium, nitrate,
and phosphate concentrations significantly increased between
1970 and 1990, then remained constant until 2000 (Inoue et al.
2005). In the watershed of Lake Hamana, sewage coverage
increased significantly from 57 to 78% between 1995 and
2010, and most STPs conducted advanced treatment (Japan
Sewage Works Association 2017). Consequently, nutrient
concentrations in the lake may have decreased, and altered
nutrient loads into the lake.

Materials and methods

Observations were conducted monthly at twelve stations in
Lake Hamana (Stations 1-12) and five stations in the river
flowing into the lake (Stations A-E) from January 1995 to
March 2016 (Fig. 1). Lake water samples were collected using
a bucket or water bottle sampler (Rigo-B transparent water
bottle, Rigo Co. Ltd., Japan) on the R/V Hamana of the
Shizuoka Fisheries Experimental Station Hamanako Branch.
Vertical water samples were collected at 2-m intervals (mean
water depth 4.3 m). The maximum depth was approximately
12 m and was at Station 10.

Samples for nutrient analysis (NH,", NO5, PO,>") were
filtered through a 0.8-um membrane filter (25CS080AN,
Toyo Roshi Kaisha Ltd., Japan). Nutrient concentrations were
determined following the methods of Soldérzano (1964),
Strickland and Parsons (1972), and Murphy and Riley (1962)
for ammonium, nitrate, and phosphate, respectively. Detection
limits were 0.01, 0.01, and 0.005 mg L' for ammonium, ni-
trate, and phosphate, respectively. Total nitrogen (TN) and total
phosphorous (TP) were determined using persulfate oxidation.
Chemical oxygen demand (COD) in river waters was measured
by titration with potassium permanganate. The detection limits
for TN, TP, and COD were 0.01, 0.005, and 0.5 mg L re
spectively. The concentration of dissolved oxygen (DO) was
measured using the Winkler technique.

Quantities of secondary and advanced treatment discharge
into Lake Hamana were obtained from statistical data of Japan
Sewage Works Association (2017).
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The seasonal Mann—Kendall test, a non-parametric statisti-
cal trend test, is used to detect monotonic trends in hydrolog-
ical time series data. To eliminate the effect of serial correla-
tion on the Mann—Kendall trend test, a further trend test was
conducted following the method of Yue and Wang (2004). To
estimate increasing/decreasing rate, Sen’s method (Gilbert
1987) was used for significant trend data (o« <0.05). The
Mann—Kendall trend test and Sen’s slope were calculated
using XLSTAT-Forecast (version 2015).

Results

The Mann—Kendall trend analyses for temperature, salinity,
nutrients, TN, TP, and DO concentrations in surface lake wa-
ters are summarized in Table 1. Surface water temperature did
not change significantly from 1995 to 2016, except at Stations
9 and 11 (northwestern part of the lake). Salinity of the surface
water decreased significantly at six stations, which were pre-
dominantly in the western part of the lake (Table 1). The am-
monium concentrations decreased at the southern part of the
lake (Stations 1-5) from 1995 to 2016. In contrast, nitrate
concentration showed a significant increase at four stations,
predominantly in the eastern part of the lake (Stations 3, 5,
6, and 11). Phosphate concentration in the surface water, and
in most of the bottom waters, decreased significantly at all
stations (Tables 1 and S1). The phosphate concentrations were
below the detection limit (< 0.005 mg L") at the surface wa-
ters of the lake throughout the year, after 2007. TN and TP
concentrations decreased significantly at all stations, except
for TN concentration at two stations (Stations 7 and 11). In
contrast, DO concentration increased significantly at all sta-
tions. Time series of TN, TP, and DO concentrations in the
surface water at Stations 5 (eastern part of the lake) and 10

Table 1 Results of the statistical trend tests for nutrients, TN, TP, DIN/
phosphate, and DO from 1995 to 2016 in the surface water of Lake
Hamana. The significant trends are shown as “—” (decreasing) and “+”
(increasing). * and ** indicate that the significance levels are 0.05 and
0.005, respectively

Staton Temp Sal NH,* NO; PO,> TN TP DIN/ DO
p 4 3 4
- PO’
Stn. 1 + ko + T sk % 4 e
Stn. 2 + + ek + EE TS k% % 4 L
Stn. 3 + + — ok ok % % 4 e
Stn. 4 + ek 3k + S % sk 4 e
Stn. 5 + + ok ok sk _k EE R ok
Stn.6 =+ + + ok ke o EE g ok
Stn. 7 + k% 4 + kex + ko gk e
Stn. 8 + w4 + ek sk ek 4 e
Stn.9 4 + + + ik ok ok ok ek
Stn. 10 = sk 4 + ke s sk 4 sk
Stn. 11 +** sk 4 ok sk s ko ok
Stn. 12+ + + + ok sk ek ok e
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Fig. 2 Long-term changes in ammonium (a), nitrate (b), phosphate (c), TN (d), TP (e), and DO (f) from 1995 to 2015 in the surface water of Station 5.
The black and gray lines represent the moving averaged 12-month data and original data, respectively

(central part of the lake) are presented in Figs. 2 and 3 respec-
tively. The annual mean values of ammonium and phosphate
concentrations in the surface water at Station 5 decreased from
61.2and 26.9 pg L™, in 1995, to 4.2 and 2.1 ug L' in 2015,
respectively. In contrast, nitrate concentrations increased from
55.0ugL",in 1995, t0 67.5 ug L ™" in 2015. The annual mean
values of TN and TP concentrations in the surface water at
Station 5 decreased from 0.35 and 0.056 mg L', in 1995, to
0.27 and 0.025 mg L™" in 2015, respectively. The concentra-
tions at Station 10 were lower than those at Station 5. The
annual mean values of ammonium, nitrate, and phosphate
concentrations in the surface water at Station 10 were 11.3,
13.7,and 6.5 ug L 'in 1995, and 19.2,30.0, and 6.1 ug L in

2015, respectively. The annual mean values of TN and TP
concentrations in the surface water at Station 10 decreased
from 0.31 and 0.037 mg Lfl, in 1995, to 0.20 and
0.016 mg L ™" in 2015, respectively, which were aligned with
the results of Sen’s slope (Table 2).

The moving average of the 12-month data for dissolved
inorganic nitrogen (DIN) and phosphate ratios (DIN/phos-
phate; umol umol ') at Stations 5 and 10 ranged from 8 to
393 and from 11 to 398 respectively (Fig. 4). These ratios are
much higher than 16 (Redfield et al. 1963) at all stations and
for all years, except 1996. The DIN/phosphate ratio increased
significantly from 1995 to 2015 at most stations (Stations 5-7,
9, 11-12; p <0.001).
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Fig.3 Long-term changes in ammonium (a), nitrate (b), phosphate (¢), TN (d), TP (e), and DO (f) from 1995 to 2015 in the surface water of Station 10.
The black and gray lines represent the moving averaged 12-month data and original data, respectively

The Mann—Kendall trend analyses for TN, TP, COD, and
DO concentrations in the river water flowing into the lake are
summarized in Table 3. During the 22-year analysis period,
TN, TP, and COD concentrations decreased consistently at all
stations. The exception was the COD concentration at Station
D. Time series of TN, TP, COD, and DO concentrations in the
surface river water at Station C are presented in Fig. 5. The
annual mean concentrations of TN, TP, and COD in the sur-
face water at Station C decreased from 8.3, 0.18, and
4.6 mg L', in 1995, to 6.2, 0.12, and 2.9 mg L™ in 2015,
respectively (Fig. 5), which were aligned with the results of
Sen’s slope (Table 3). There was a large reduction in TN and

@ Springer

TP concentrations in the river that was greater than reductions
in concentrations in Lake Hamana. Even now, the concentra-
tions in the river water are several times higher than those in
the lake (Figs. 2, 3, and 5; Tables 1 and 2).

Discussion

As the installation of STPs was increasing, decrease in phos-
phate concentrations was likely because of the implementa-
tion of advanced wastewater treatment at watershed of Lake
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Table 2 The Sen’s slope results

for nutrients, TN, TP, DIN/ Station  Temp Sal NH,/ NO;~ PO,> 1IN TP DIN/PO,> DO

phosphate, and DO (ug yearﬁl)

from 1995 to 2016 for the surface Stn. 1 + -0.015 -0.21 + -0.15 -2.6 —-2.38 + +24

waters of Lake Hamana Stn. 2 + + -072 =+ -0.16 -3.0 -046 =+ +49
Stn. 3 + + —1.35 +1.33 -0.25 -13 —-0.22 + +27
Stn. 4 + —0.031 -0.51 + —-0.23 -2.6 -041 + +53
Stn. 5 + + -1.78 +3.11 —0.46 =53 -0.79 +0.93 +66
Stn. 6 + + + + 19.1 —0.62 -10.2 —1.00 +4.55 +29
Stn. 7 + —0.053 + + -0.18 + -0.63 + 3.09 +24
Stn. 8 + —0.040 + + -0.19 -58 —0.60 + +40
Stn. 9 +0.033 + + + -0.23 =55 —0.58 + 3.67 +37
Stn. 10 + —0.056 + + -0.17 -5.0 -0.63 + +45
Stn. 11 + 0.023 —0.078 + + -0.23 + -0.83 + 10.5 +33
Stn. 12 + + + + -0.27 —10.6 -1.00 +5.84 +34

Hamana. The total amount of wastewater treated water in-
creased from 2.1 x 10° to 4.0 x 10° m® year ' between 1995
and 2016. The amount of advanced treated water also in-
creased from 2.1 x 10° to 3.4 x 10° m® year ' (Japan Sewage
Works Association 2017). The amount of total and advanced
wastewater treated water within the catchment area increased
significantly (p <0.001; Fig. 6). In the surface water, there is a
strong negative correlation between the phosphate concentra-
tions and amount of advanced treated wastewater (p < 0.001;
Fig. 7), suggesting that the adoption of advanced treatment at
STPs is an important factor in phosphate decline in the lake.
Because the advanced STPs effluent increased by about 5.8 x
10* m® year ', the phosphate reduction rates of — 0.63 and —
0.23 pg L™! year ' could be obtained at Stations 5 and 10,
respectively, using the regression line (Fig. 7). These values
almost agree with the Sen’s slope value for surface phosphate
(Table 2). As shown using the trend test, riverine TP concen-
trations have decreased significantly from 1995 to 2016
(Table 3). Therefore, decreasing phosphate concentration
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reflects the reduction of nutrient loads into the lake by intro-
ducing advanced wastewater treatment technology.

In contrast, there is no correlation between the DIN con-
centrations in the surface water and the amount of advanced
treated wastewater in the Lake Hamana watershed (p >0.1;
Fig. 7). This could be explained by the increase in nitrate
concentrations. Nitrate concentration increased significantly
in the eastern part of the lake, whereas ammonium and TN
concentration decreased significantly. This may be an effect of
insufficient wastewater treatment efficiency with respect to
the nitrification/denitrification process. Low nitrate removal
efficiency has been reported at some treatment plants in the
world because of insufficient oxygen control. In addition, TN
removal rates greatly decrease when the COD/TN ratio of the
sewage influent is below 4.5. This is because denitrification is
limited by insufficient organic carbon concentrations
(Hashimoto 1989). The ratio is low for the STP influents to
the lake basin (3.1 £ 1.4; Japan Sewage Works Association
2017). As a result, the removal rate of nitrification/
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Fig. 4 Long-term changes in DIN/phosphate (umol pmol ") ratios at Stations 5 (a) and 10 (b), respectively. The black and gray lines represent the
moving averaged 12-month data and original data, respectively. The black dotted lines represent the ratios of 16 (Redfield ratio)
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Table3  Results of the statistical trend tests and the Sen’s slope for TN,
TP, COD, and DO from 1995 to 2016 for five rivers flowing into the Lake
Hamana. The significant trends are shown as “—” (decreasing) and “+”
(increasing). * and ** indicate that the significance levels are 0.05 and
0.005, respectively

Station  Trend Slope

™ TP COD DO TN TP COD DO
Stn. A —E kR —k -111.0 -10.0 —269 —24
Stn. B S ek ek + -118.0 —120 -—167
Stn. C kR ke + -156.0 -4.0 -56
Stn. D S ek 4 + —-4.5 -0.0
Stn. E kR ke S -20.0 =20 —408 +116

denitrification may be reduced. The TN removal rate of STPs
in the lake basin was 93.6 +£2.7% in 2013, which is lower than
the COD (95.8 £1.4%) and TP (97.1 £+ 1.8%) removal rates of
that year (Japan Sewage Works Association 2017). TN con-
centrations at the two stations did not decrease significantly
(Table 1). The sewage coverage is still less than 80% in the

20
(a)
15 H
1
(@)]
E 10 -
Z
|_
5 |
0
0.4
— 0.2
o)
£
o
|_
0.0
1995 2000 2005 2010 2015
year

lake basin, and there is a possibility that the inflow of domestic
wastewater may continue in some areas.

The lake is adjoined by agricultural land in the west.
Currently, the area of agricultural land in the lake basin is de-
creasing (p < 0.001); it was 104 km? in 1995 and 58 km? in 2015
(Ministry of Agriculture, Forestry, and Fisheries 2016).
Therefore, the supply of nutrients derived from chemical fertil-
izers and manure from the catchment area is decreasing, unless
the amount of chemical fertilizer and manure outflow per unit
area has changed. To clarify the findings obtained from this study
in more detail, it is necessary to observe the isotope ratios and
determine the quantitative contribution of each source, because
isotope analysis enables the identification of nitrate sources (sew-
age, chemical fertilizers, mineralized soil organic matter, nitrifi-
cation, and atmospheric nitrate deposition) (e.g., Mayer et al.
2002; Chen et al. 2009; Lee et al. 2016; Zhang et al. 2018).

Decrease in nutrient concentrations in the lake was possibly due
to an increase in primary production (Tanaka et al. 2012).
Unfortunately, we did not have the data of primary production rate
and chlorophyll @ concentration (chl a). There is the possibility that
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Fig. 5 Long-term changes in TN (a), TP (b), COD (c), and DO (d) from 1995 to 2015 in the surface water of Station C. The black and gray lines

represent the moving averaged 12-month data and original data, respectively
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photosynthesis has become active and nutrients have decreased
due to increased dissolved oxygen concentrations at all stations
(Table 1). However, the COD concentrations in the lake and river
are also decreasing (Tables 1 and 3). Therefore, the amount of
labile organic matter inflow has decreased, and the amount of
oxygen consumption may have decreased accordingly. Monthly
averaged chl a concentrations from January 1989 to December
1990 were approximately 5 and 40 ug L™ at Stations 1 and 6,
respectively (Okamoto 1995). In contrast, monthly averaged chl a
concentrations from October 2017 to October 2018 were about 5
and 25 pg L™ at Stations 1 and 6, respectively (Kubo unpublished
data). Although the data of chl a in the lake is very limited, there is
a high likelihood of a slight decreasing trend or no change. Hence,
active nutrient consumption may be partly attributed to primary
production increase; however, the scale is not significantly large
enough to explain nutrients reduction at the lake.

In coastal waters, changing water residence time is also
possibly attributing to declining nutrient concentrations
(Boyer et al. 1999). Salinity decreased significantly at six
stations (western part of the lake) and did not change signifi-
cantly at another station. As the freshwater inflow amount
increases, the water residence time of the lake becomes shorter
and the utilization of nutrients may decrease. However, the
only increased nutrients were nitrate concentrations. In

Fig. 6 Amount of sewage
effluent to Lake Hamana (a) and
secondary and advanced
treatment effluent contribution to
the total amount of sewage
effluent (b). The gray and black
bars are the secondary and
advanced treatment effluent,
respectively

(a)

Sewage discharge
(x10* m3 yr1)

addition, the stations with increasing of nitrate concentrations
differed from the stations with decreasing salinity (Table 1).
Concentrations of phosphate, TN, and TP decreased signifi-
cantly at most stations. In addition, ammonium concentrations
in the surface decreased at five stations and did not change
significantly at others. Accordingly, the changing water flow
into the lake was not significantly large enough to explain the
nutrient reduction in the lake.

As stated above, decreased loads of phosphate and organic
matter into Lake Hamana due to increased sewage coverage
and implementation of advanced wastewater treatment tech-
niques has probably contributed to phosphate concentrations
decline in the lake.

The high DIN to phosphate ratio in Lake Hamana from 1995
to 2016 gives rise to the implication that phosphorus is an impor-
tant element for maintaining primary production (Fig. 4). In most
surface waters, the ratio increased significantly (Table 1, Fig. 4).
This limitation is further enhanced by the increase in nitrate con-
centrations and of inputs from high DIN/phosphate STP effluent
(>25; Kubo et al. 2015). In addition, phosphate concentrations
decreased and DO concentrations increased significantly in the
benthic water at Station 10 (Fig. 8, Tables S1 and S2).

During the stratification season from June to September,
the bottom water usually creates hypoxic conditions in the
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lake. As a result, phosphate was released from the lake sedi-
ment to the bottom water because of chemical iron reduction
and dissolution of iron-phosphate complex (e.g., Mortimer
1942). However, at the bottom water of Station 10, phosphate
concentration decreased significantly because of decreasing
phosphate efflux with reduced volume of hypoxic water.
Consequently, in the autumn, the supply of phosphate to the
surface layers also decreased when surface layers mix with the
bottom layer. This phenomenon further causes a decrease in
the phosphate concentration and leads to limitation of primary
production at the lake.

Conclusions

Decreases in phosphate, TN, and TP in the water column most
likely reflect the reduced loading of nutrients and organic

50
Y=-0.11X+49 (3)
o d
=~ 40 R2=0.38
- P<0.001
2% |e.
. 20 a " "®.. ®
o ® e e o
O 10 0%
0
200 250 300 350
50
R Y=-0.04X+15 ()
T, R2=0.46
2 30 P<0.001
b, 20
e 10 .8 .
ally--e®.. _ O
o LN e
200 250 300 350

Advanced treatment amount
(x104 m3yr?)

matter into the lake (Fig. 9). Phosphate concentrations have
decreased significantly with the installation of advanced treat-
ment at STPs. In contrast, nitrate concentration increased sig-
nificantly in the eastern part of the lake, whereas ammonium
and TN concentration decreased significantly. This may be an
effect of the insufficient wastewater treatment efficiency of the
nitrification/denitrification process. Stoichiometric evidence
implies that primary production in the lake is limited by
phosphorus.

Acknowledgments We thank the scientists and captain on board the R/V
Hamana and acknowledge the members of the Shizuoka Fisheries
Experimental Station Hamanako Branch and Shizuoka Institute of
Environment and Hygiene for the sample measurement. We also thank
Shino Yamauchi for making the original drawing of Fig. 9. We would like
to thank Editage (www.editage.com) for English language editing.

Funding information This study was supported by the River Fund of The
River Foundation, Japan.

600

°
C
~, 400 ®
(@)]
2 '.!..o
Z 200 l..-.:....‘...l.l.’.
) ®e et
0
200 250 300 350
600
(d)
~ @
-1 400
o)
2 o
pd
<= 200
0 LA
200 250 300 350

Advanced treatment amount
(x104 m3yr)

Fig. 7 Relationship between annual mean amount of advanced wastewater treatment effluent and phosphate concentrations at Stations 5 (a) and 10 (b)

and dissolved inorganic nitrogen (DIN) at Stations 5 (¢) and 10 (d)
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Fig. 8 Long-term changes in 12
phosphate (a) and DO (b) during (a )
the 22-year period at the 8 m
spanning Station 10. The black — g -
and gray lines indicate the mov- =
ing averaged 12-month data and -
original data, respectively o2
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Fig. 9 Schematic diagram of nutrients and organic matter in Lake
Hamana. The phosphate, TN, and TP concentrations decreased
significantly in Lake Hamana due to increasing sewage coverage and
implementation of advanced wastewater treatment. The nitrate
concentrations in the western and eastern parts of the lake, which are
surrounded by agricultural and residential land respectively, increased

significantly due to insufficient wastewater treatment efficiency in the
nitrification/denitrification process. In addition, the phosphate concentra-
tion decreased and DO concentration increased in the bottom waters of
the central part of the lake due to the reduced volume of hypoxic water
there
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