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Abstract: To evaluate the biological integrity of aquatic ecosystems, we developed
Korean multimetric diatom index (KMDI) using metrics that many researchers have
been previously described, and compared to single-metric diatom index such as trophic
diatom index (TDI) and diatom assemblage index to organic pollution (DAlpo). For the
biological and environmental data, we investigated the epilithic diatoms, water quality
and the land-use for 923 sites in Korean streams between 2013-2017, and estuaries
between 2010-2017, respectively. Five appropriate metrics were selected according to
the following steps; 1) extraction of 300 potential metrics (biological, chemical, physical,
and geographical) based on previous references, of these, 2) 46 samples having high
separation power were selected, 3) the selected metrics were each tested for variability,
redundancy, and sensitivity to the environments, finally 4) construction of multi-metric
diatom index comprising single type metrics such as TDI, DAlpo, % motile diatoms, %
Achnanthes / (Achnanthes+ Navicula), and % number of Gomphonema species. The
biological integrity of the 233 sites from the Geum River basin were independently
investigated using KMDI. Collectively, the new KMDI showed high sensitivity and
explanatory power for environmental factors such as land-use, biochemical oxygen
demand, total nitrogen, and electric conductivity. However, it had slightly higher
biological integrity for the same sites as compared to single type diatom metrics. Finally,
more data accumulation from all over Korea and the development of acceptable diatom
metrics were required.

Keywords: Korean multimetric diatom index, epilithic diatom, biological integrity,
water quality, stream and estuary
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ek Ui oY SEAo EE FTol oA Hl=
A A2 St (Wang et al. 200S; Zalack et al. 2010; Wu et
al. 2012; Schowe and Harding 2014; Tan et al. 2015). Kim
(2016)-2 ©]u] 7= chFst W E S (Wang et al. 2005;
Tan et al. 2015)2 HIE O 2 Joj2 AAe 2 Hx/w
HoldEe e A W EUARE oot Y =
D245 WA vE QUok SRR ofgd A 1) A& =22t
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Fig. 1. A map showing the study sites of epilithic diatoms, water quality and land-use along streams between 2013-2017 and estuaries

between 2010-2017 in the Korean peninsula.
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Table 1. Criteria and levels for determination of the reference
conditions or streams based on the watershed, chemical and
biological parameters to identify the disturbance of 923 sites in
streams between 2013-2017 and estuaries between 2010-2017,
respectively

Parameters Units Ranges
Watershed Forest land-use % >60
Chemical BOD mgL™ <1
TP mgL™ <0.1
™ mgL™ <171
Biological TDI >576

BOD; Biochemical oxygen demand, TP; Total phosphorus, TDI; Trophic
diatom index

al. 200S; Tan et al. 2015; MOE/NIER 2016)
9237 2|3 2] Exol-& (% H|-&), 3t (BOD, TN, TP),
A=A 221 (TD) S X5 FA5to] et wet
ojuf o] 7t ot 2.5% BITH(237] A1) FEot
o2 A7t =t (Table 1), ¥ E SU A5 TDIE ©]
83t bl A 25 B5a ool s = 2ok

5. HIERS £4

1) HIEEZ Q] M7
2 Al HEZ (metric) 013 A EIA O] =24,
A9 o Q= T8 U R
£ on|etth ¥4, 3= oS EEAS (KMDL)E 7H
= = F3sta(eF 30070
metrics), AP AT E= B Faloto] 13 FH 4670
HEH-S AA5HATH (Barbour et al. 1999; Hill et al. 2000;
Wang et al. 2005). ©]©]4] Wang et al. (2005)} Kim (2016)
o] Whe] whet, o]5 SH WEY F tpkEA|go] 23}
2F mE=S AAsty] fldl Hold, 54, vEd
2 AR Uit RAETo] WA 5 & 494 HE
NS AA HFEH o2 kMmpId] A8 HEHS HAH
SFSIT (Fig. 2, Table 2).
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Fig. 2. Schematic selection process of metrics for the develop-
ment of Korean multi-metric diatom index (KMDI), according to
Wang et al. (2005). CV, Coefficient of variation, M; Median, LC;
Low correlation, HC; High correlation, SP; Separation power.

0

2ol FYEE WEe sl g LS vjolei
o] Agtehr] rial wdsto] A @]t (Barbour et al.
1999; Wang et al. 2005; Jun et al. 2012; Tan et al. 2015; Kim
2016).

O F3Hkol 0}l HIEE
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(2) 24 (Redundancy)
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A HEEA] F 51t (Jun 2011). ZF HIEE 7FAFEE (scatter
plot) & o]-&ato] AP A JAd-g B7lekal v >080 8 1
Ehte M ERe SR Histe] olE F g 7j <] H)
2.2 A4 514 (Fig. 3; Wang et al. 2005; Kim 2016).
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(3) HE = (Discriminatory)

HxoAT LA Aol S FE7] U5 Mann-
Whitney U test, Box-and-Whisker plot= ©]-85to] ZF H|E
2] HHA-Z F7FATH (Wang et al. 2005; Kim 2016).
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Table 2. The selection and testing process for potential diatom metrics to evaluate the biological integrity of 923 studying sites in the

streams and estuaries Korea, according to Wang et al. (2005)

] ) Metric Reason for rejection
Candidate metrics
codes Variability Redundancy Discriminatory  Sensitivity
Trophic Diatom Index (TDI) TDI
Diatom Assemblage Index of Pollution (DAlpo) DAlpo
No. of species NOS Low PD
Dominance index (DI) DI Overlapped with J
Shannon - Weaver Diversity Index (H') H Overlapped with J
Evenness Index (J') J Low PD
Richness Index (R) R Overlapped with SR
% Prostrate individuals PRO Low PD
% Erect individuals ERE CV>1, low median
% Stalked individuals STA CVv>1
% Unattached individuals UNA CV>1
% Motile individuals MOT
Eutraphentic diatoms ratio EUT Low median
% Achnanthes minutissima individuals ACM CV>1, low median
% Achnanthes/(Achnanthes + Navicula) AAN
% Cymbella/(Cymbella+ Navicula) CCN CV>1
% Achnanthes individual ACH CV>1
% Amphora individuals AMP CV>1, low median
% Cocconeis individuals COoC CV>1, low median
% Cymbella individuals CYM CV>1
% Cyclotella individuals CYC CV>1
% Fragilaria individuals FRA Cv>1
% Frustulia individuals FRU CV>1, low median
% Gomphonema individuals GOM CV>1
% Navicula individuals NAV Variable
% Nitzschia individuals NIT Overlapped with MOT
% Rhoicosphenia individuals RHO CV>1, low median
% Surirella individuals SUR CV>1, low median
% Synedra individuals SYN CV>1, low median
% No. of Achnanthes species NAC Low PD
% No. of Amphora species NAM CV>1, low median
% No. of Cocconeis species NCO CV>1
% No. of Cyclotella species NCYC  CV>1
% No. of Cymbella species NCYM  CV>1
% No of Fragilaria species NFRA Low PD
% No. of Frustulia species NFRU  CV>1, low median
% No. of Gomphonema species NGO
% No. of Navicula species NNA Variable
% No of Nitzschia species NNI Variable
% No. of Rhoicosphenia species NRH CV>1, low median
% No. of Surirella species NSU CV>1, low median
% No. of Synedra species NSY CV>1, low median
Saproxenous diatom ratio SAP CV>1, low median
Saprophilous diatom ratio SPR CV>1, low median
Chlorophyll-a CHL Cv>1
AFDM (Ash-free dry-matter) AFDM Low PD
CV, Coefficient of variation, SP; Separation power
£ HoJi= %%, Box-and-Whisker plot= ©]-8-5to] &3 Jun et al. 2012; Tan et al. 2015). F “1& It box Atol7F -5
(SP; Separation Power)< =415ttt 2882 7} W EE H= A% 13, Skl SEEA ¢= % 24, box 7F

of] thet 429 9] (25" percentile™} 75™ percentile) 2} %
HakE o]t (Barbour et al. 1999; Wang et al. 2005;
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Fig. 3. Relationship among metrics used in this study. Selection or rejection was made for the highly correlated metric and overlapping
metrics in the development of Korean multi-metric diatom index. NOS; Number of species, NIT; % Nitzschia individuals in total abundance,
% Motile; % motile diatom in total abundance.

(4) B0 thot QIZE (Sensitivity) of izt 1A 9 AS5de AA AFH o= s
TS Aot AESHHQ A5 AHAS = S|4 o HEZ o2 AHYH s712] A HES] EA

24, shotd, RS e hEslo o] mEel o oiew 2o

ot ol gt MEH Y BAE z]tstoiof qirh

(Barbour et al. 1999). WetA] A £/ REgsta €7 (1) Trophic Diatom Index (TDI)

2.917}e] BAE Tjetslr] 1) ATEAE AT o) MERS o A2 7 Bo| AL FHE,

ogoFd (PO4-P) off gt LAWNHE, A HFEA (Indicator

2) PE HIEZ £ Species analysis) &= WEd 2| E3 (IndVal)& 21 2{sto] o}
TR UELS o Woly, R4, W W8 4] JPUHE BASHE A4olt) (Kelly and Whitton
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Fig. 4. Discriminatory test based on the separation power (as box plot) to distinguish with the disturbed stream and reference stream in the
development of Korean multi-metric diatom index. DS; Disturbed stream, RS; Reference stream, TDI; Trophic Diatom Index, DAlpo; Diatom
Assemblage Index of Pollution, NOS; Number of species, PRO; % Prostrate individuals, MOT, % Motile individuals, AAN; % Achnanthes
/ (Achnanthes+ Navicula), NAC; % No. of Achnanthes species, NFRA; % No of Fragilaria species, NGO; % No. of Gomphonema species,

AFDM; Ash-free dry-matter.

1995). & A5 /W Al AR TDI= =Wl Aol ot
Al 735t} AME-SFl o™, sh o] YL (PO4P)S &
L7} Z7Ve4E DI+ HHE A4Skt (MOE/NIER
2009~2018).

(2) Diatom Assemblage Index of Organic Pollution

(DAIpo)
o] IEEL {7 edAsrA 54 ARA S8
%‘?:}%%3 q_/{: ( aproxenous taxa), Z—q.%*é%*
(Indifferent taxa), 2 EH/J-E (Saprophilous taxa) so=z 7t

7 ok S35E S oEAF
&sto] #A0] f71ed A=E
1986). 5 9] @ J=7} Z715k

Zo] A EHTE o]
g 7}sich (Watanabe et al.
45 DAlpor= HARIT

(3) % motile individuals in total diatoms (MOT)
o] MESS 254 BURY WNEst £24F 0dE
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H 37RE oSk Aoz she] B4 Yt B
A go]e], e Aa] Aol A% ThEd A4-2] A w
Eg o2 ARgE o] LTt (Hill ef al. 2000; Wang et al. 2005).
S8 H T2 25730l wet 275k (Passy 2007; Berthon
etal. 2011), Zt 2|0l T E 2= 7fA40
o2t motile diatoms 7RA|4=2] Bl &2 A4FsHT obd W
E| 2 o] Z71stel wrel MOTS} @ A%t 7ttt
(4) % Achnanthes | (Achnanthes + Navicula) (AAN)
o] HEY FAH EUF & sl A+ Ach-

= -
nanthes?} =54 71A 1L o o 01:0:1 o Assie

(5) % number of Gomphonema species (NGO)
o] Wl EZ-2 Wang et al. (2005)2 3 H & FF°f
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Table 3. Method of calculating scores using the 0-10 scaling system. A distinction was made between those whose value increases after
disturbance and those whose value decreases after disturbance (Hill et al. 2003)

Response to impairment Score Calculation
+ 0to 10 (Metric value/90™ percentile of reference sites) X 10
- 0to 10 (1-Metric value/90™ percentile of impaired sites) X 10

Table 4. Relationship between five diatom metrics and environmental parameters. Biological and environmental data were collected from
923 sites in Korean streams between 2013-2017 and estuaries between 2010-2017, respectively

Parameters FOR WT DO pH EC TUR BOD TN TP
TDI 0.72%* -0.59** 0.29** -0.28** -0.20** -0.28** -0.471%** -0.45** -0.32**
DAlpo 0.64** -0.52** 0.22** -0.38** - -0.23** -0.36** -0.38** -0.24%*
MOT -0.39** 0.35%* -0.21%* 0.12** 0.16** 0.15%* 0.30** 0.35%* 0.28**
AAN 0.65** -0.48** 0.30** -0.24** -0.09** -0.25** -0.35** -0.41** -0.30**
NGO 0.49** -0.40** 0.22%* -0.28** -0.25** -0.24%** -0.32** -0.29** -0.20**

**. p<0.01, TDI; Trophic Diatom Index, DAlpo; Diatom Assemblage Index of Pollution, FOR; % Forest, WT, Water temperature, DO; Dissolved Oxygen,
EC; Electric conductivity, MOT; % Motile individual, AAN; % Achnanthes / (Achnanthes+ Navicula), NGO; % No. of Gomphonema species

A EUERE A4 QEHH o8 FLHSIAL Achnanthes,

Cocconeis, Cyclotella, Cymbella, Fragilaria, Frustulia,

Gomphonema, Rhoicosphenia, Synedra 5= 57422,

Amphora, Navicula, Nitzschia, Surirella ‘5= QE/JO2 &

a‘ﬁ‘ﬂr o] F st 9] @ Ho| F7VF Gomphonema <2
3T (NGO)E A

3) KMDIQ| E/d YU M8

S A3 S SRS B L) Y

2™ (Barbour et al. 1999), A s/ W E2S H4=8}
s7] S19] 2t HEEL o~10 A4 AAE A85H5c)
(Hill et al. 2003). 2.&tof| ti3 gro] FAsH= wEZ Q] 7
%, ZF Ml EE ZE& 90" percentile Fr22 WFI 102 F
Slo] AArst A, ekl tisl Fho] Z7feh= HEE ] A

%, ZF v E2] ZE& 90" percentile gH2. 2 L o] ZHe
0% &oto] ALretITh WIEF gfo] 100]
Zsto] 10822 Al4FSHATH(Table 3).
4H HEZ ] 90™ percentile -2 TDI; 91.5,
DAIpo 5 90.7, % ratio motile individuals in total diatoms; 69.5,
% Achnanthes / (Achnanthes + Navicula); 99.0, % number of
Gomphonema species; 16.7= LEFSLTE ZF W EE-2 0~10
A= 7HIA =4, s I ER 9] /Aol 25 &3 ghe] ]
40| M7} H e KMDI 74]—1—4 Zd—’?—b 2} W E = o] Xtf
i HAage 71ELe 2ot o, /g O 717

ETE A, BTA=2 2 57]. A2 gEEF O S} A
7 7 KMDI A4=9] A2 HAsH] flsto] &

% -

_|.4

732 013} Pearson’s A4S A5 TH KMDI A]4=2]
A A8 20174 sl EHH o AAT FH5A

(B4, HAH, 5707, AnAd) 23370 - dide=z A
o
=

=014 2442 Wrloly o A4 Bl 9 HES)H
Atk ool BE FAA 242 IBM SPSS software (ver.
24. SPSS Inc. Korea) & ©]-8-5F31tt

a}

1. KMDI2] | E= M

0@ SEAFE EsH] 9ot & E wEE A
4 2 AAste] that &2 S ek HolAd
(Variability) 75°l141+= (Fig. 2, Table 2), X 5 F1Hkol
0%] W E 22 % Erect individuals, Eutraphentic diatom ratio
o= Ut F 16705 #1715k, gl ARZR S Aol
of Wo|7} 21, vt (EFHaL/B)ol  HEZE %
Stalked individuals, % Unattached individuals 522 LEr
U S o= 157 HE=S AAst F 3171 HIEH]
AA=] A, eHH, 5/ (Redundancy) A5l 41+= (Fig. 2,
Table 2), Fig. 3a, b, coll 412} Zo] TrFdA] 4= (* =0. 92), °
HEAS(FA=0. 86), TS EAG(F=0.80)= A2 of-¢

2 RS B30, olF F ol A A cv
#ro] o 2k %—E?q £ AAstAtt 28 5 35
ZA4E =088 7™ FEBAS H I (Fig 3d), 1
dANA 9] cvitel B 22 2@ F4E Aokt %
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Nitzschia individuals@} % Motile individuals= *=0.98 %
Aol At FARRE BAE H ATt (Fig. 3e). Nitzschia <5
2wt Arof met AR HhgS olidstr] ol n
= % Motile individuals2 A SHH. o] M2 Fol 470
HEgo] A=A} ¥ 2 (Discriminatory) 354
= (Fig. 2, Table 2), SPZLo] 33 0] ¥|2] 92 HE =2 No.
of species, Evenness Index 5 2% UEh} Z 67} HIEES
A7 stelet. 2ol et F2HEd 9] YT (Sensitivity)
Ao Hol AEEAs AARE A= Table 43 Z0]
DAIpo®} A7 7Ho] AJ/dS ALJet s7he] HEE]
o] R 2 g Qluto] Fofm|gt A (p<0.01)= Ho
% 2202 AR HITFig. 2, Table 2)

2. KMDI9| &4

KMDI= $hollA #F2] 02 A4 s7H4] WE 2 (TD],
DAlpo, % Motile individual, % Achnanthes / (Achnanthes
+ Navicula), % No. of Gomphonema species)= 4At&24 02
e b5 LA S-S LSS (Karr et al. 1986;
Barbour et al. 1999; Hill et al. 2000; Jun et al. 2012), ZF FiE
o] H4= 0~10 AAE A8t (Table 3, Hill et al.
2003). 7]&0 At ©Ud P EE A4 TDISE DAlpo
£ 0~1009 2.2 Th5o1A glof, o3 Hlustr| -gols}
A AEA LR KMDI SA] 0~100 S 7HAH °lE
STHOE 20T (Table §). 153 ETAITE Ua

3} 2]o] ofs) A},

KMDI = (TDI+DAIpo+MOT +AAN +NGO) x2

KMDI #|5=9] HEZ] F TDI, DAlpot= & (species)=
718FO 2 9% Motile individual, % Achnanthes / (Achnanthes
+ Navicula), % No. of Gomphonema species ‘5~ < (genus)
79t 2 A4Sttt gt or £ Vo w F
qE S Hz2 FoAY T4 o] &olst
oiZof ol WRjo] HESHA AT AR
S0tk (Wang et al. 2005). ?HH, Bahls (1993)2} Wang
et al. (2005)°ll W2H Achnanthes, Cocconeis, Cyclotella,

Cymbella, Fragilaria, Frustulia, Gomphonema, Rhoicosphenia,

o

N,
s c i

R

Synedra &2 JAH54, Amphora, Navicula, Nitzschia %0

QEN-S ZHZ o sot B ALl A % Achnanthes /
(Achnanthes + Navicula), % No. of Gomphonema species< %
Y (TN, TP), EZ°] (% Forest) 7 14 &2 e 2
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Table 5. Grades and ranges of stream biological integrity classi-
fied by Multi-metric Diatom index based on data from 923 sites
in streams between 2013-2017 and estuaries between 2010~
2017, respectively

Grades Ranges of biological integrity
A 100-76.9
B 76.8-53.8
C 53.7-30.6
D 30.5-75
E 74-0.0

Table 6. Relationship between each metric of Korean Multi-met-
ric Diatom index and environmental parameters for 223 studying
sites in Geum River basin in May 2017

Parameters Unit r
Urban % -0.114
Forest % 0.497**
Agriculture % -0.318**
Other land-use % -0.219**
pH 0.193**
Conductivity pS-cm™ -0.272%*
Turbidity NTU -0.265%*
BOD mg-L™ -0.300**
NHs-N mg-L™ -0.131*%
NOs-N mg L™ -0.246**
N mg-L™ -0.274**
PO4-P mg-L™ -0.265**
TP mg-L" -0.242**

** p<0.01, *; p<0.05, BOD; Biochemical oxygen demand, TP; Total
phosphorus, TN; Total nitrogen

93\1—4'(Table 4).

KMDI®] AZ4S HESH] flote] 52 oz
Td5A 23370 A3 9] el oY U ALt
A S 245 A3 KMDIE £A] EAJo]8-2 A
tH 2E 204, ekl A =2 4TS
TH(Table 6). 53] EX|014 5 %] H-&(r=0497)7} &=
S BN, 11 9] 574 HlE(r=-0.318), BOD
(r=-0.300), TN (r=-0.274), 7| EE (r=-0272) &
U z] $£2S AT E v WA =2 TS BT

=z /\}.6

ol o
ox, Mo s
ol to lo

flo &

3. KMDIQ] ¥ &

B Ao A Ajuret kMDIRF ©Yd EE A4 (TD],
DAIpo)E YT XA 2[5l tisto] Blw HESHIT
(Table 7). TDI®] 7%, 55= Z} A; 100-90, B; 89-70, C;
69-50, D; 49-30, E; 29-0°.2 DAIpo®] % A; 100-80,
B; 79-60, C; 59-40, D; 39-20, E; 19-0 522 FE3T}
(MOE/NIER 2008~2018). KMDI= A, B, C 589 #%



Table 7. Biological integrity assessment of 223 studying sites in
Geum River basin in May 2017

Grades KMDI (%) DAlpo (%) TDI (%)
A 69(29.6) 42(18.0) 1(4.7)
B 89(38.2) 53(22.7) 59(25.3)
C 72(30.9) 97 (41.6) 47(20.2)
D 3(1.3) 33(14.2) 40(17.2)
E 0(0.0) 8(3.4) 76 (32.6)

KMDI; Korean Multimetric Diatom index, TDI; Trophic Diatom Index,
DAlpo; Diatom Assemblage Index of Pollution
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= jEg o] thedto 2 BJsty 3HF Qs tigh Al
A4 HE Ay, EX]o]4, BOD, TN, A7|H =% Sof of
3 2 U E AgEe Hyot ddy SRS
Hohs 5 2349 B 2842 i =7 371
£ E4S B9t 3 U 28 A gl dgle] A
|7tse AR Y =2 fER Y] Iz 9 Ao EUF &
A A7t Suatetol E A o 2 wHE Ik

2 A= obd B ot A 21734 A B7H(2008
~2018)°l| &]5te] =P =] 9.
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