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Abstract: In aquatic ecosystems, flow is one of the most essential elements of aquatic species. It is
necessary to explore the correlation with ecological indices for the management guidelines of aquatic
ecosystems using flow because aquatic ecosystem data are limited. This study calculated the flow
metrics using the flow and analyzed the correlation between the flow metrics and the ecological
index. This study attempted to understand the correlation between the ecologic index and flow
metrics. Flow metrics were quantified flow in various ways, depending on the size, frequency,
and design of the flow. The characteristics of flow metrics were identified and the correlation with
the ecological index was studied. The Pearson correlation coefficient values for 22 watersheds
were compared using the flow data from 2008 to 2015 and the ecological index data from the BMI.
In watersheds with high imperviousness, the Pearson correlation coefficient was negative, which
indicated that the correlation in this study provides basic data for the quantitative evaluation of the
river ecosystem by identifying the relationship between imperviousness and BMI. As a result, the
highest Pearson correlation coefficient values of flow metrics were related to the flow coefficient of
variation (MACV13-16; MHCV; MLCV).

Keywords: benthic macroinvertebrate index (BMI); flow metrics; imperviousness; Pearson correlation
coefficient; watershed health

1. Introduction

Healthy streams are highly valued by humans, as they offer a range of social ben-
efits [1,2]. Additionally, the diversity of species is important because it is related to the
health of streams and ecosystem services [3]. However, as human activities increase and
development progresses, the health of rivers decreases. It has been commonly noticed that
hydrologic alterations resulting from urbanization influence stream ecology. The elimina-
tion of riparian vegetation and the increase in imperviousness, which typically occur with
urban development, gradually alter stream hydrology and aquatic ecosystems [1,3-5].

As an area becomes dominated by impervious surfaces, a shift in the distribution of
water occurs from partial subsurface flow to nearly all surface runoff [6-8]. However, as the
extent of impervious surfaces increases, the runoff response is amplified from increasingly
smaller precipitation events [9]. Although it is important to accurately determine the
arrangement and proportional amounts of different functional types of impervious surface
cover, it is also critical to understand how geometric characteristics can affect relationships
betweencomponents of the hydrologic cycle and ecology [8,10]. Lee et al. [11] examined the
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mediating effects of streamline geometry on the relationships between urban land use and
the index of biological integrity (IBI) of the Nakdong River in Korea. Kim et al. [12] analyzed
the relationship between green/urban areas and topographical variables with biological
indicators using regression tree analysis, which considered spatial autocorrelation at two
different scales. The benthic macroinvertebrate index (BMI) is a type of ecological index
obtained from measurements of benthic macroinvertebrates [13].

Many researchers have focused on establishing methods of quantifying the health of
watersheds. These studies show that the assessment of stream ecosystems can be quan-
tified by using appropriate statistical techniques [14-17]. Olden and Poff [14] suggested
more than 170 metrics, including the hydrologic alteration indicators that include at least
64 metrics that quantify changes in flow regime [15]. The more than 170 metrics explain the
flow structure patterns, which, in conjunction with the physical environment, determine
the physical processes that directly influence aquatic organisms. Many hydrologic flow
metrics have been demonstrated to be helpful in relating the effects of urbanization to
ecological measures [4,16-18].

Woo et al. [10] evaluated aquatic ecosystem health using water quality modeling
results via the sequential wavelength assignment technique (SWAT) and random forest
technique. They suggested that the aquatic ecosystem be investigated using data such
as flow rate and river depth. Park et al. [19] characterized the Han River watershed in
Korea and extracted key relationships among the watershed attributes and biological
indicators of the streams. They used biological indicators of the streams to determine the
biological status of the watershed and stream. Park et al. [19] analyzed the correlation
between river morphological factors and water quality factors. Woo et al. [20] conducted
a study on whether the flow affects water quality and aquatic health by simulating the
flow using SWAT. When the flow increased, the aquatic health showed a tendency to
increase [20]. Flow was expected as a factor for aquatic health [20]. However, only a few
studies have performed correlation analyses and habitat suitability evaluations using flows
with BMI to evaluate the aquatic ecosystem [20,21]. Thus, this study selects flow metrics
from streamflow data and tries to understand the correlation between flow metrics and
aquatic ecosystem. Flow metrics have been classified into magnitude flow, frequency flow,
and design flow. A previous study quantified the flow in various ways according to the
size, frequency, and design of the flow [22]. As a result, it is necessary to analyze the
relationship between BMI and flow metrics.

The purpose of this study was to investigate the connection between imperviousness
and ecological index by analyzing the correlation between imperviousness and the benthic
macroinvertebrate index (BMI). Additionally, this study searched for strong correlations
between hydrologic metrics and ecological indicators in the Han River basin, South Korea.
The aim of this research was to determine the relationships between BMI and flow metrics
and relationship between imperviousness and BMI. A correlation analysis was conducted
with the ecological index of BMI using 67 flow metrics. Figure 1 illustrates the process
of the watershed selection and research. This study selected watersheds in the following
order (Figure 1), and the corresponding flow metrics were calculated and compared with
BMI, the representative ecological index.
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Figure 1. The procedure of this study.

2. Materials and Methods
2.1. Study Area

This study focuses on the Han River basin (32,971 km?), one of the five major river
basins (99,720 km?) in South Korea. This basin covers approximately a quarter of the
country and is located from 36.03° N to 38.55° N and 126.24° E to 129.02° E (Figure 2). The
North Han River (10,652 km?) and the South Han River (12,514 km?) are the two major
rivers in the basin, which merge and flow into Seoul, a metropolis of ten million people [23].
This country’s climate is characterized by four seasons, with heavy precipitation occurring
during the monsoon summer season (June to August) [24]. The average annual precipita-
tion is 500~1500 mm, which results in a relatively wet climate. The seasonal distribution of
precipitation is not uniform, and the wet and dry seasons are distinct. Most of the annual
precipitation is concentrated in the summer, with very little during the winter (Korea
Meteorological Agency, (KMA)). The average elevation of the Han River basin is 404.7 m,
and the average slope of the basin is 35.9% [25]. This study used land use data in 2008
(Table 1). The watershed land use consisted of urban areas (8.2%), forested areas (71.3%),
agricultural land (16.6%), and other land uses (3.9%). Two soil types presented with 58%
sandy loam and 24% loam are dominant in Han River basin [10]. The seasonal variations
in air temperature for spring, summer, fall, and winter were 10.8 °C, 23.6 °C, 12.6 °C, and
—2.9 °C, respectively [10].
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Figure 2. Locations of the Han River basin and study area.

Table 1. Watershed area, land use, and imperviousness (%) in the study watersheds.

Total Land-Use (km?) .

Watersheds Flow Area Bare Imperv;ousness
(km2) Urban  Agriculture Forest  Grassland Wetland Land Water (%)
Sinjeong (SJ) (@] 217.52 84.46 31.51 89.34 3.16 0.04 5.85 3.16 38.83
Jungranggyo (JRG) o 233.51 80.06 21.62 116.23 3.78 0.23 8.85 272 34.29
Sihueng (SH) O 126.75 41.92 16.03 61.10 223 0.01 4.08 1.39 33.07
Cheonwang (CW) C 43.68 14.25 12.89 14.54 0.39 0.00 0.47 1.14 32.62
Seongnam (SN) @) 203.81 53.75 24.10 107.89 4.53 1.24 9.83 2.46 26.37
Gungnae (GN) C 100.99 24.78 9.56 55.84 2.37 0.17 6.66 1.60 24.54
Singok (SG) O 84.24 14.63 16.40 47.92 1.37 0.03 3.04 0.85 17.37
Heungcheon (HC) C 309.42 30.93 135.81 125.17 6.61 2.01 3.20 5.70 10.00
Dopyeong (DP) C 158.47 15.51 27.59 105.95 3.61 0.14 3.05 2.61 9.79
Yulgeuk (YG) C 181.11 14.43 111.45 44.39 3.15 1.13 2.84 3.71 7.97
Toegyewon (TKW) C 201.45 13.76 37.43 138.48 6.12 0.00 2.74 2.83 6.83
Gososung (GSS) C 569.19 35.97 123.05 377.44 15.87 0.14 7.36 9.37 6.32
Heukcheonkyo (HCK) C 314.00 13.08 56.73 233.35 3.72 1.25 2.70 3.18 4.16
Jeoncheon (JC) C 170.69 5.38 28.58 132.99 1.12 0.42 1.05 1.16 3.15
Anheung (AH) C 123.94 2.81 31.12 87.03 0.77 0.12 1.77 0.32 227
Jojong (J]) C 260.51 5.57 29.86 214.26 4.60 0.05 1.12 5.06 2.14
Sincheon (SIN) C 607.21 7.73 86.45 499.47 2.12 1.42 5.47 4.56 1.27
Sanganmi (SAM) C 402.37 4.34 40.40 350.71 257 0.14 2.30 191 1.08
Najeon (NJ) C 451.59 4.67 33.25 407.21 1.96 1.85 1.09 1.56 1.03
Songcheon (SC) C 352.02 3.55 62.68 276.42 3.80 0.47 1.96 3.14 1.01
Bukcheon (BC) C 304.05 2.62 9.86 287.67 0.46 0.93 1.30 1.21 0.86
Wangsungdong (WSD) C 403.38 1.34 20.93 376.26 212 0.06 0.85 1.84 0.33

O — watershed using observed daily flow; C — watershed using calculated daily flow.
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Although the Han River basin is divided into 237 subcatchments, streamflow moni-
toring and BMI sampling have not been performed in all subcatchments [13]. Therefore,
we selected the test area based on the following criteria: (1) watersheds with watershed
areas less than 1000 km?, (2) watersheds with BMI data provided by Water Environ-
ment Information System (WEIS, http:/ /water.nier.go.kr; accessed on 12 October 2021),
and (3) watersheds with daily flow data, daily water level data and rating curve equa-
tions provided by Water resources Management Information System (WAMIS) (http:
/ /www.wamis.go.kr; accessed on 12 October 2021). Thus, a total of 22 watersheds were
designated as study watersheds (Table 1). Imperviousness is one of the indicators that
expresses urban characteristics. The percent imperviousness is calculated based on the
ratio of urban area to total watershed area as following equation and is expressed as %

in Table 1. Urb
imperviousness (%) = % x 100 1)

2.2. Description of Hydrological Flow Metrics

The flow metrics were classified by the magnitude of the flow, including the average
flow, maximum flow, and minimum flow [15,17,26-30]. Additionally, the flow metrics
were categorized with the frequency and variability in the flow (Table 2) [15,17,26,27,30,31].
The flow metrics that are used for river planning and design in Korea include flood flow
(Q10), abundant flow (Q95), ordinary flow (Q185), low flow (Q275), and drought flow
(Q355) [32-34]. The corresponding flow metrics are flow values that are designed not to
fall below the flow corresponding to the number of days during river planning and design.
This study conducted a comparative analysis of BMI (the ecological index) and these flow
metrics (hydrologic variables) (Table 2).

Table 2. Definitions of the considered flow metrics.

Hydrologic

Variables Index Definition Reference Calculation Unit
Mean monthly
MA1-12 %Z%gr"y‘f Mean m"rr;t(})‘rlgt’}?sow forall [15,17,26-28] - m?/s
December)
Skewness in (Mean monthly flow-median SW = (mean monthly flow —
MASW monthly flow)/median [29] median monthly flow)/median Dimensionless
monthly flow y Y
y monthly flow monthly flow
Variability in
monthly flow Coefficient of variation for - _ standard deviati . .
MACVI-12 (January- monthly flow for all months [15,17,26,27] Cv = W Dimensionless
December)
Variability in monthly flow rangesmzir?mlizrrlrzﬁln t};llgfvilow -
divided by median monthly . o = hy hlv fl
flow, where variability is 1nterquar2té E}:; 75t hrlnofrl1 thly flow
’ — 25th monthly flow
calculated as range (max B S
Variability across monthly flow — min monthly 90th — 10th percentile = 90th . .
MACV13-15 monthly flow 1 flow), interquartile (75th [29] monthly flow — 10th monthly Dimensionless
Magnitude monthly flow — 25th monthly MACV13 — ﬂ(\)r;/;]iability(ranges)
flow), and 90th — 10th "~ median monthly flow
percentile (90th monthly flow MACV14 = %m’w
- Othmonthly flow) MACVI5 = o
Variability across Coefficient of variation for _ standard deviation . .
MACV16 monthly flow 2 mean monthly flow 301 v = % Dimensionless
Maximum daily . .
MH1-12 flow (January— Max1mumr3§rlllt};1£0w forall [28] - m3/s
December)
Variability across Coefficient of variation for {ati
MHCV maximum daily . daily fl [30] CV = standard deviation Dimensionless
fow maximum daily flow average
Minimum daily L .
ML1-12 flow (January— Mmlmumncllgﬁzlhglow forall [28] - m3/s
December)
Variability across Coefficient of variation for {ati
MLCV minimum daily . v fl [30] CV = standad deviation Dimensionless
flow minimum daily flow average
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Table 2. Cont.

Hydrologic

Variables Definition Reference Calculation Unit
Index
Number of annual occurrences
during which the magnitude
of flow remains below a lower
threshold. Hydrologic pulses Daily flow < 25th percentile daily
Low flood pulse are defined as those periods ; flow . .
FL1 count within a year in which the [15,26,27] Count days of daily flow that do Dimensionless
flow drops below the 25th not exceed the 25th daily flows.
percentile (low pulse) of all
daily values for the time
period.
FL2 Variability inlow ¢ ¢ ent of variation for FL1 [15,26,27] CV = standard deviation Dimensionless
flood pulse count average
Daily flow < threshold 5% daily
Total number of low flow flow
Frequency of flow spells (threshold equal to 5% Count days of daily flow that do . .
FL3 spells of mean daily flow) divided by (301 not exceed the threshold 5% daily Dimensionless
the record length in years flow.
Count days
) fecord Tength year )
v Hioh flood bl See FL1, where the high pulse Daily flow > 7?]th percentile daily
requency FH1 1gh Hood pulse is defined as the 75th [15,26,27] o Dimensionless
count 1 tile Count days of daily flow that
percen exceed the 75th daily flows.
Variability in Coefficient of variation for
FH2 high flood pulse FHIL [15,26,27] CV = % Dimensionless
count 1
Daily flow >
3 x median daily flow
Sie Fﬁl’k‘i’\{he;e ffheclllppgr Find the daily flow values that are
High flood pul h ;‘?S Od .is ﬂe ne gs h greater than 3 times the daily
FH3 1gh Hood puise median daily flow, and the [17,31] median and sum all those flow m3/s
count 2 value is represented as an values.
average instead of a tabulated Count days of daily flow that
count exceed the 3 x median daily flow.
sum count flow values
count days
Daily flow > 7xmedian daily flow
See FH1, where the upper Find the daily flow values that are
threshold is defined as 7 times greater than 7times the daily
High flood pulse median daily flow, and the median and sum all those flow 3
FH4 count 2 value is represented as an (17,511 values. m’/s
average instead of a tabulated Count days of daily flow that
count exceed the 7xmedian daily flow.
count number
Designed flow A}iter sort.mg1 the dZI'ly ﬂov‘\iz of
. Q10, Q95, Q185 used in river the year In descending order,
Design / 4 4 the daily flow of the 10th, 95th, [32-34] - m3/s

Q275, Q355

planning and
design

185th, 275th, and 355th days
was extracted

The flow metrics were calculated from daily flow data of the watersheds from 2008
to 2015. For watershed without observations, we calculated daily flows with the rating
curve equations by Water resources Management Information System (WAMIS) (http:
/ /www.wamis.go.kr; accessed on 12 October 2021). The observed daily flow data were
partially provided by WAMIS for the Sinjeong (S]), Jungranggyo (JRG), Sihueng (SH),
Seongnam (SN) and Singok (SG) watersheds. Other watersheds were described with daily
flows calculated by the rating curve equations provided by WAMIS.

2.3. Benthic Macroinvertebrates Index (BMI)

The benthic species referred to here are invertebrates living in the riverbed, such as
aquatic insects, shellfish, crustaceans, and leeches. Benthic species are one of the most
important ecological and environmental indicators [21]. BMI is the most commonly used
index in aquatic environment assessments. BMI is divided into five grades, A-E (Table 3),

as follows [10,21,35].
" . shie.
BMI — (4 _ W) x 25 @)
i=1 hig;
where BMI = benthic macroinvertebrate index, i = the number assigned to the species,
1.=.the number of species, s; = the saprobic value of speciesi, h; = the relative

abundance of species i, and g, = the indicator weight value of the species i, The appear-
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(a) Spring

ance, saprobic value and the indicator weight value of the species from nearly 190 catego-
rizations were used to estimate BMI based on the method suggested by Zelinka et al. [36].
Kong et al. [35] reported that BMI was a more capable index of assessing stream health and
integrity when utilizing relative abundance information.

Table 3. BMI rangg, class, and state.

Range Class Condition

80 < BMI < 100 A Very Good
65 < BMI < 80 B Good
50 < BMI < 65 C Fair
35 < BMI < 50 D Poor

0 <BMI < 35 E Very poor

The distribution of BMI class in the study area in spring and autumn were determined
at monitoring points, as shown in Figure 3. A significant difference by year was shown
in low BMI classes (D and E) but was not present in high BMI classes (A and B). In the
spring season (Figure 3a), the difference in class by watershed was larger than that in
the fall season (Figure 3b). The BMI values were used as the observed data from 2008 to
2015. BMI was sampled twice during the spring and autumn seasons. The BMI values
were classified into primary and secondary values. Spring and autumn have more stable
environmental conditions than summer and winter, so the corresponding data are suitable
for this investigation. In the case of rainfall during the investigation, it is customary to
stop the investigation and restart after more than 10 days have elapsed. Additionally, the
one-month period following a flood was excluded from the investigation period. The
survey period varied according to the weather during the sampling period. In this study;,
the BMI values used were the first, second, and average values [13,37]. The first BMI
values were collected in the spring. The second BMI values were collected in the autumn.
Additionally, the average of the first (spring) and second (autumn) values was used in this
study. The first (spring) BMI value is expressed as BMI1, the second (autumn) BMI value is
expressed as BMI2, and the average BMI value is expressed as BMI_Mean.

@A OB CO®D OE

(b) Autumn

2012 2013

[ Jkm km km km km
0 2040 80 0 2040 80 0 2040 80 0 2040 80 0 2040 80

Figure 3. Distribution of the BMI classes in the study area.
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Flow(m*/sec)

Flow(m?/sec)

2.4. Pearson’s Correlation Coefficient Analysis
The Pearson product-moment correlation coefficient is a dimensionless index that
remains unchanged when either component is transformed linearly. In 1895, Pearson
devised the mathematical formula for this essential metric.
Xi—X)(Y;,-Y
r = Z(;z )(l 7)2 7 (3)
[Z(x=X) E(xi - V)]

where X; = flow metric values, Y; = BMI values, X = mean flow metric values, and
Y = mean BMI values.

The correlation coefficient, which ranges from —1 to 1, is a measure of how closely
variables are related to each other. There is no linear relationship if » = 0. A perfect positive
or negative linear relationship occurs if ¥ = —1 or 1 [38,39].

This metric is the measure of the association between the change trends for each
pair of corresponding variables. The Pearson correlation coefficient assesses the similarity
between shifts in two variables. Additionally, this coefficient tests the intensity of the linear
relationship between two variables [40]. MATLAB (MathWorks Inc., Natic, MA, USA)
was used to calculate the Pearson correlation coefficients. A 5% significance level was
considered (p-value < 0.05).

3. Results
3.1. Calculation Results of Flow Metrics

Flow metrics were calculated for each watershed. According to the characteristics
of flow, the metrics are largely classified into magnitude, frequency, and design flow
metrics. A box plot of magnitude flow metrics was used to identify the relationship
between flow and flow metrics. Figure 4a—d illustrate the values of the magnitude flow
metrics. The flow metrics in Figure 4a—d were calculated using the monthly and daily flows
(MA1-12, MACV1-12, MH1-12, and ML1-12). MA1-12 and MACV1-12 indicate the flow
characteristics of each month in terms of the mean monthly daily flow (January—December)
and variability in monthly flow (January—December). Korea has a monsoon climate, and
the rainfall is concentrated in summer [24]. The flow is high in the summer when there is
concentrated rainfall [24]. MA7-8 and MACV7-8 have the largest ranges in Figure 4a,b and
thus indicate the characteristic of concentrated rainfall in summer. Figure 4c,d present the
maximum daily flow (January—-December) and minimum daily flow (January-December)
as box plots. MH7 represents the largest range in Figure 4c. MH4-6 presents a similar range
distribution. The ML1-12 results illustrate the homogeneous data ranges in Figure 4d.

2

80 (a) £ (b)
g7 15 .
60 =2
o
40 I = O 1 . .
S 'z
= =
20 £ 3 .
H = S E s = = .
MAL MA2 MA3 MA4 MAS MA6 MA7 MAS MA9 MAI0 MAIl MAIZ g~ —
Flow metrics 0
600 v MACVI MACV2Z MACV3 MACV4 MACVS MACV6 MACVT MACVE MACV9 MACVI0 MACVII MACVI2
10
C
400 e
o
2 5
-
200 g l
=
M= I ER RN NN
0 —— e e = - m— i i =
Y N MH3 N MH5 M Y ! N N ! Y 0
THI - MH2 - MH He - MH THG MHT7 - MHS - MH9 MHIO MHIT MH12 ML1 ML2 ML3 ML4 ML5 ML6 ML7 ML8 ML9 MLI0O MLII MLI2

Flow metrics

Flow metrics

Figure 4. Box plots of flow metric values: (a) MA1-12; (b) MACV1-12; (¢c) MH1-12; (d) ML1-12.

Figure 5 illustrates the flow duration curve (FDC) and design flow metrics for each
watershed. This study used an FDC to evaluate the streamflow processes. An FDC,
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also known as a percent exceedance probability curve, is a graphical tool to describe
streamflow [41]. The values of the FDC are different for each watershed in Figure 5. The
shape of an FDC is affected mainly by reservoirs, land use type, and upstream water use
at a daily scale [41]. Watersheds with higher imperviousness had a larger FDC, as shown
in Figure 5. This indicated that land use influenced the FDCs. The watershed with the
largest flow value was SN, and the watershed with the smallest value was JC, as shown in
Figure 5. In particular, the difference in FDC values between watersheds increased as the
flow approached Q355 (the drought flows).

1000
100 AR
-
g -
b .y
s 10 S b= M n
: e e,
g %:t*ﬁéw‘g_g = 2 S0 |
= \ i B2 - -
- - ¥ SRee D .
E' \1* .. - = - Tt -3 -
< N b S e aa Trag ; ey
“a ey T Sl D) g S oo RR- 2
& e, e <] _‘**:ff:,:i?;&x:ﬁs:;;z@ e e, o INT
s e g N eyt haa el “%g-;f;grgi %
s 1 e e e S S & i }
o . i B O = s‘ﬁ._t‘;%;%?: Ty, b
- e, REE A A = et D = iy o)
ey, RS Sy Rty T ‘:\%
ey e, ih“‘&* ]
S SIS o N
T a—.—“ﬁ‘lﬁzf@&’ L
\(.:
\
\\
0.1 - £
\.
0.01
0 10 20 30 40 50 60 70 80 920 100

Percent time or exceedance probability (%)

°8J  =JRG SH +CW =SN +GN =8G -HC -DP -YG +TKW
*GSS “HCK<JC +«AH =~JJ +SIN -SAM-NJ -SC -BC +~WSD

Figure 5. Flow duration curve (FDC) and design flow metrics for each watershed.

3.2. Correlation Analysis between Hydrological Compoenet and BMI
3.2.1. Relationship between Imperviousness and BMI

Figure 6 indicates the results of the imperviousness and BMI. As imperviousness
increases, the BMI values decrease. In particular, relatively high R? values are obtained
from the BMI primary value (a) and the average value (c), and there are correlations
between the imperviousness and BMI values. The BMI decreases as imperviousness
rises in Figure 6, suggesting a negative relationship between imperviousness and BMI.
However, the prediction of biological conditions at a given location does not depend on the
imperviousness of the watershed alone [18]. The imperviousness is also connected to flow.
Surface runoff increases as imperviousness increases, and the discharges that flow quickly
into the river continue to increase [42]. This study identified the correlation between flow
and BMI by conducting a Pearson correlation analysis between flow metrics and BMI.

www.manaraa.com
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Figure 6. Relationships between imperviousness and BMI: (a) imperviousness and BMI1, (b) imperviousness and BMI2 and
(c) imperviousness and BMI_Mean (the first (spring) BMI value is expressed as BMI1, the second (autumn) BMI value is
expressed as BMI2, and the average BMI value is expressed as BMI_Mean).

3.2.2. Correlation Analysis between Flow Metrics and BMI

This study conducted a Pearson correlation analysis between flow metrics and BMI to
describe the correlations. Figure 7 illustrates the box plot result of the Pearson’s correlation
coefficient analysis. This box plot confirmed the range of correlation coefficient values for
the studied watersheds. In the boxplot, the IQRs (i.e., 25~75th quantiles) are represented
by boxes, the whiskers extended to the 5th and 95th quantiles, and the red horizontal
line indicates the median [43]. The Pearson coefficient obtained with BMI2 in Figure 7
represents a larger data range than those obtained with BMI1 and BMI_mean. Pearson
coefficients obtained with BMI1 and BMI_Mean have similar IQRs. Figure 7 demonstrates
that the Pearson correlation coefficient values are distributed in various ranges. Each
watershed has different correlations to the flow metrics, and each watershed has a negative
correlation and a positive correlation among the different flow metrics. Most watersheds
have different correlations with BMI, but some watersheds have similar results. Watersheds
such as SN, 5G, HCK, JC, and SIN illustrated analogous data ranges in Figure 7.
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Figure 7. Box plot of the Pearson’s correlation coefficients between 67 flow metrics and BML

The SN watershed illustrates negative correlation data ranges in Figure 7. The HCK
and JC watersheds have very small data ranges. In addition, the Pearson correlation
coefficient values between the HCK and JC watersheds suggest positive correlations. The
TKW watershed has positive correlations with BMI1. However, in the TKW watershed,
the data ranges of the Pearson correlation coefficient values in BMI2 and BMI_Mean were
large. Most of the Pearson correlation coefficient values obtained between BMI1, BMI2, and
BMI_Mean and the flow metrics for each watershed were similarly distributed. However,
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the S, JRG, SH, CW, NJ and WSD watersheds show differences in their data ranges, as
illustrated in Figure 7.

Figure 8 shows the correlation analysis results for the 67 flow metrics and BMIs for
22 subwatersheds as a heatmap. In the figure, red indicates a positive correlation between
the flow metrics and BMI values, and blue indicates a negative correlation. Terms such as
SJ_1,S]_2, and SJ_m in the upper part of Figure 8 indicate the Pearson correlation coefficient
values for each watershed using the flow metrics and BMI1(1), BMI2(2), and BMI_Mean(m).

||
. el ‘{ | n| ‘ Iy E gy
|

| |

Figure 8. Pearson correlations of 67 flow metrics and BMI: red indicates a positive correlation, and blue indicates a negative
correlation. Each watershed abbreviation is followed by 1, 2, and m: 1 means BMI1, 2 means BMI2, and m means BMI_Mean.

Overall, most of the watersheds with low imperviousness illustrated positive cor-
relations (e.g., GSS, HCK, ]JC, SIN, and SAM). BMI1, BMI2, and BMI_Mean consistently
exhibit positive correlations, as shown in Figure 8. The frequency-related flow metrics
represent negative correlations in the watersheds with high imperviousness and positive
correlations in the watersheds with low imperviousness. The flow metrics related to coeffi-
cients of variation of magnitude flow exhibit a negative correlation in the watersheds with
high imperviousness.

In particular, the flow index related to magnitude showed clear trends (MA1-12,
MACV1-12, MACV13-16, MH1-12, ML1-12, MHCV and MLCV). MACV13-16 exhibit
significant differences among watersheds according to imperviousness. The MACV13-
16 flow metric values indicate a negative correlation with BMI of watersheds with high
imperviousness. The correlation analysis values of the flow metrics and BMI present a
positive correlation in the watersheds with low imperviousness. This suggests that the
ess of the watershed has an indirect effect on the flow and the ecological index
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Pearson correlation coefficients (r)
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BMI [12]. The SN watershed exhibits negative correlations for all 67 flow metrics. Negative
correlations were also found for MHCV, ML1-12, and FH1-4. HCK exhibits a positive
correlation for all 67 flow metrics. Overall, a positive correlation was generally found for
FH3-4 and FL1.

On the other hand, BMI1 and BMI2 show different correlation analysis results in
different measurement seasons. Choi et al. [44] stated that the rainfall characteristics
of Korea, where rainfall is concentrated in summer, also affect the aquatic ecosystem.
Concentrated rainfall during the summer results in the dilution of organism density in
ecosystems by augmenting water levels or discharge [44—46]. BMI1 was monitored before
summer rainfall, and BMI2 was collected after summer rainfall. BMI2 indicates significantly
lower scores than BMI1 in terms of the pattern and collection results. BMI2 values without
a pattern act as a factor indicative of inconsistent characteristics in the correlation analysis.
BMI2 values generally illustrate different correlations between watersheds in Figure 8.
In the SG watershed, the Pearson correlation analysis results between the BMI1, BMI2,
BMI_Mean values and flow metrics exhibit a large difference between BMI1 and BMI2. In
the SG watershed, the correlations between the flow metrics and BMI values are low, but
the correlation results between BMI1 and BMI2 are different. In particular, the correlation
analysis results (S5G_2) of BMI2 in the SG watershed show no correlation for most flow
metrics. The correlation analysis results in the TKW watershed also differed between BMI1
(TKW_1) and BMI2 (TKW_2). MACV12-16 and BMI1 (TKW_1) in the TKW watershed
exhibit positive correlations. However, MACV12-16 and BMI2 (TKW_2) in the TKW
watershed have negative correlations.

This analysis identified correlativity among flow metrics and BMI. Figures 9-11 repre-
sent the correlation results for each flow metric type. Figure 9 demonstrates the results of
the Pearson’s correlation analysis between the BMI values and flow metrics in terms of the
coefficient of variation. Six watersheds (5], JRG, SH, SN, GN, and SG) illustrate almost neg-
ative correlations among the flow metrics in terms of the coefficient of variation in Figure 9.
In the correlation analysis between the BMI1 index and MACV13, the seven basins with the
last highest imperviousness produce negative correlations, excluding the CW watershed.
The JRG watershed and GN watershed exhibit high negative correlations of —0.66 and
—0.88, respectively, for MACV13 in Figure 9a. BMI2 and flow metrics related to coefficient
of variation values indicate no correlation in the watersheds with a high imperviousness,
as shown in Figure 9b. The BMI1 and BMI_mean represent similar correlation results
in Figure 9a,c.
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Figure 9. Pearson correlation coefficients (r) between the BMI values and flow metrics based on magnitude flow; (a) BMI1,
(b) BMI2, and (c) BMI_Mean (** p-value < 0.05).
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Figure 10. Pearson correlation coefficients (r) between the BMI values and flow metrics based on frequency flow; (a) BMI1,
(b) BMI2, and (c) BMI_Mean (** p-value < 0.05).
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Figure 11. Pearson correlation coefficients (r) between the BMI values and flow metrics based on design flow; (a) BMI1,
(b) BMI2, and (c) BMI_Mean (** p-value < 0.05).

Figure 10 presents the results of the correlation analysis between the flow metrics
obtained using the frequency flow metrics and BMI values. Although the frequency indices
FH1-4 and FL1-3 are weakly correlated to the BMI values, they exhibit negative correlations
in a watershed with high imperviousness and positive correlations in a watershed with
low imperviousness. FH2 has a strong negative correlation in the SN and GN watersheds
in Figure 10a,c and a positive correlation in the HCK watershed. However, the correlation
strengths of FH2 are lower than those of the MACV flow metrics in Figure 9, for each
watershed. The FH flow metric of high flow frequency index is more correlated with the
ecological index than the FL flow metrics (the low-flow frequency index).

Figure 11 indicates the results of the correlation analysis between the flow metrics
obtained using the design flow metrics and the BMI values. The SN watershed exhibits
negative correlations for BMI1, BMI2, and BMI_Mean, as shown in Figure 11a—c, respec-
tively. In the GSS watershed, negative correlations were found in Q185, Q275, and Q355,
but not Q10 and Q95, as shown in Figure 11a—c, respectively. BMI1 represents a positive
correlation, but BMI2 and BMI_Mean present negative correlations in Figure 11. However,
the correlation between the design flow metrics and ecological index BMI was low in
most watersheds.
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Figure 12 illustrates the spatial patterns of the Pearson correlation coefficient between
the BMI1 values and flow metrics regarding the coefficient of variation (MA13-16, MHCYV,
MLCV). This study does not consider land-use changes over time due to the limited
land use change data (Table 1). It was found that the corresponding Pearson correlation
coefficient value represented a negative correlation to the west region on the map for the
watershed with high spatial imperviousness. In addition, the watershed located to the
east region showed a positive correlation with the Pearson correlation coefficient as the
watershed with a low imperviousness.

Pearson correlation
coefficient (r)

() ] ,\ (b) | ’& () ) | A 1
: ' 0.8

0 0.4

-04

Land use

I urban

Figure 12. The spatial patterns of the Pearson correlation coefficient between BMI1 and the flow metric values in terms of
the coefficient of variation: (a) MACV13; (b) MACV14; (c) MACV15; (d) MACV16; (e) MHCV; (f) MLCV.

4. Discussion

This study analyzed the correlation between flow metrics and BM], as a representa-
tive ecological index. This study calculated the flow metrics using calculated flows from
rating curves. The coefficient of variation is often used to check the deviation, rather
than the difference in the absolute values [47]. This study found that most watersheds
illustrated similar correlations according to the coefficient of variation. Thus, the variability
in flow affects the BMI. The correlation was low for the frequency flow metrics in Figure 10.
The high flow frequency was more highly correlated with BMI than the low flow fre-
quency. This indicates a greater correlation with BMI at high flows [48,49]. Unlike previous
studies [14,49,50], this study did not compare combined flow metrics. However, this study
analyzed the correlation between flow metrics and BMI. Through this correlation analysis,
it was possible to identify which flow metrics were correlated with BMI. In most cases,
when analyzing the correlation with BMI, the water quality factor or flow is used [21].
However, this study adjusted different flow values for each watershed by processing
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and analyzing the flow into different flow metrics. This study suggested basic data to
quantitatively evaluate river health through correlation analysis between flow metrics
and BML.

The flow metric values identified differences according to the rainfall characteristics
in Figure 4. Precipitation is one of the important climatic characteristics of Korea. The
average annual precipitation is 500-1500 mm, which results in a relatively wet climate.
The seasonal distribution of precipitation is not uniform, and the wet and dry seasons
are distinct. Most of the annual precipitation is concentrated in the summer, with very
little during the winter KMA). Korea has a concentrated rainfall pattern in summer [44,45].
The characteristics of this rainfall pattern can be seen in the flow metrics. Through the
analysis of the value distribution and range of the flow metrics, flow characteristics were
identified (Figure 4a—d). The ranges, averages, median values, and IQRs of the flow metrics
in Figure 4 indicate which flow metrics have the largest data ranges. It was found that the
larger the flow metric values within the data ranges in Figure 4, the lower the correlation
with the BMI values in Figure 8 (e.g., MA7-8 and MH7-8).

By comparing the imperviousness and BMI of the land, it was found that BMI tends to
decrease when imperviousness increases. However, BMI2 represented a lower correlation
than BMI1 and BMI_Mean. This finding is due to environmental differences resulting
from the unique climate of Korea, where rainfall is largely concentrated in summer [44—46].
The imperviousness and BMI values had a negative correlation. In other words, this
finding suggests that imperviousness affects BMI. Numerous researchers have found
that imperviousness affects river ecosystems [14,18]. This trend was similar to those
presented in other studies [1,18]. Figure 7 illustrates the range of Pearson correlation
coefficient values for each watershed. According to the BMI1, BMI2, and BMI_Mean
results for each watershed, the data distributions were similar, but the data ranges were
different in some watersheds due to the seasonal difference in the BMI and the differences
in flows. Thus, the top seven watersheds with high imperviousness corresponded to a
negative correlation in terms of the Pearson’s correlation coefficient values, and a lower
imperviousness corresponded to a positive correlation. In particular, these correlations
were strong according to the coefficient of variation, as shown in Figure 9.

5. Conclusions

In this study, 67 flow metrics were calculated and evaluated for each selected wa-
tershed, and the corresponding BMI was compared. In addition, correlation analyses
of these metrics and ecological index were performed for each watershed via Pearson’s
correlation coefficient analysis, and correlations were found. As a result, in the case of a
watershed with high imperviousness, the correlation analysis between the flow metrics
and the ecological index BMI had negative Pearson correlation coefficients. This study
found that if imperviousness increases, BMI decreases, and these data show that the flow of
the watershed is also affected. This study quantitatively presented the flow metrics of the
watersheds. This study attempted to present basic data for quantitatively calculating river
health in a watershed using BMI, which is one of the quantitative ecological indices. This
study identified the correlation between the 67 flow metrics and BMI for each watershed
and confirmed that the flow metrics estimated by the coefficient of variation produces
stronger correlations with BMI than other flow metrics. The flow metrics can be used to
establish a plan to improve aquatic health. If research in the entire Han River basin is
conducted using these data in the future, it will be more helpful in evaluating river health.
Significant correlations were identified for each watershed, but correlation analysis for the
larger scale, the entire Han River basin, was insufficient. Thus, it is believed that future
studies can obtain more meaningful results if correlation analyses are performed on the
flow metrics and BMI in the entire Han River basin using machine learning.
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