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Abstract Recently, Korean government has introduced Multi Metric Indices (MMI) using various bio-
community information for aquatic ecosystem monitoring and ecosystem health assessment at the national
level. MMI is a key tool in national ecosystem health assessment programs. The MMI consists of indices
that respond to different target environmental factors, including environmental disturbance (e.g. nutrients,
hydrological and hydraulic situation of site etc.). We used zooplankton community information collected from
Korean lakes to estimate the availability of candidate zooplankton MMI indices that can be used to assess
lake ecosystem health. First, we modified the candidate indices proposed by the U.S. EPA to suit Korean
conditions. The modified indices were subjected to individual index suitability analysis, correlation analysis
with environmental variables, and redundancy analysis among indices, and 19 indices were finally selected.
Taxonomic diversity was suggested to be an important indicator for all three taxonomic groups (cladoceran,
copepod, rotifer), on the other hand, the indices using biomass for large cladocerans and copepods, while the
indices using abundance were suggested for small cladocerans and rotifers.
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Fig. 1. Overview of MMI development based on environmental conditions and clustering information (Hering et al., 2006).
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Table 1. Modifying the U.S. EPA’s candidate zooplankton indices for Korea

Metric category Metric

Revised metric

Abundance/ — Biomass of fine mesh net (50 um) taxa .
. . R ; - Biomass of fine mesh net (60 um) taxa
Biomass/ — Density of individuals collected in coarse — Density of individuals biewer than 150 um
Density mesh net (150 um) y £8 H
— Biomass represented by large cladoceran individuals
Cladoceran in 300-count subsamples - Biomass represented by large cladoceran individuals
— Biomass represented by large cladoceran individuals
Richness/ - % of fine mesh netc (50 um) taxa — % of fine mesh net (60 um) taxa
Diversity ¢ H ¢ K
- % of biomass in dominant copepod taxon _ . . .
Copepod (300 count subsamples) % of biomass in dominant copepod taxon
. ~ %of dlstm.c ! taxa that are within the rotifer family — % of distinct taxa that are within the rotifer family
Rotifer Asplanchnidae in 300-count subsamples .
. Asplanchnidae
(coarse and fine net samples combined)
Trophic — % of total density represented by herbivorous copepods = % of total density of Calanoid copepods

- % taxa that are omnivorous copepods

- % taxa of Cyclopoid copepods
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Table 2. 49 candidate indices before analyzing suitability for domestic application through statistical analysis.

Metric category Metric name Description
FINE_DEN Biomass of individuals of fine mesh net (60 um) taxa (total zooplankton)
Abundance/ FINE_BIO Density of individuals of fine mesh net (60 pm) taxa (total zooplankton)
Biomass/ LGZOO_DEN Density of individuals bigger than 150 um
Density LGZOO_PBIO % biomass of individuals bigger than 150 um
LGZOO_BIO Biomass of individuals bigger than 150 pm
LGCLAD_BIO Biomass represented by large cladoceran individuals
LGCLAD_DEN Density represented by large cladoceran individuals
LGCLAD_PIND % individuals represented by large cladoceran individuals
SMCLAD_BIO Biomass represented by small cladoceran individuals
Cladoceran SMCLAD_PBIO % biomass represented by small cladoceran individuals
SMCLAD_PDEN % density represented by small cladoceran individuals
HPRIME CLAD Shannon.diversity based on num.be?r of cladqceran 'ind.iv.iduals (absolute' value). Calculated as .
- SUM({p(i)*Log[p(i)]}, where p(i) is proportion of individuals of taxon i, and Log = natural logarithm.
CLAD_BIO Biomass represented by cladoceran individuals
FINE_NTAX Number of distinct taxa collected only in the fine mesh net (60 um) (total zooplankton)
GEN_NTAX Number of genera represented by distinct taxa
DOMS5_PBIO Percent of total biomass represented in top 5 taxa
Richness/ LGZOO_PTAX Percent of distinct taxa bigger than 150 um
Diversity LGCLAD_PTAX Percent of distinct large cladoceran taxa
SMZOO_PTAX Percent of distinct small cladoceran taxa
SIMPSON_ DEN ;i:)rg:r(zir; gi(\)zgrtzi;);rll)?siidt f?: ;lirrlr;,?ee.r of individuals. Calculated as SUM({p(i)*p(i)}, where p(i) is the
CALAN_DEN Total density of individuals within the copepod order Calanoida
DOMI1_COPE_PBIO Percent of rotifer biomass in dominant copepod taxon
COPE_DEN Density represented by individuals within the subclass Copepoda
COPE_BIO Biomass represented by individuals within the subclass Copepoda
CALAN_NTAX Number of distinct native taxa within the copepod order Calanoida
CALAN_PDEN Percent of total density represented by individuals of native taxa within
the copepod order Calanoida
COPE_PDEN % density represented by individuals within the subclass Copepoda
CALAN_PTAX Percent of distinct native taxa within the copepod order Calanoida
Copepod CYCLO_PTAX Percent of distinct native taxa within the copepod order Cyclopoida
Number of Calanoida individuals/
COPE_RATIO_NIND (Number of cladoceran individuals + Number of Cyclopoida individuals)
Biomass of Calanoida individuals/
COPE_RATIO_BIO (Biomass of cladoceran individuals + Biomass of Cyclopoida individuals)
CALAN_BIO Biomass of individuals within the copepod order Calanoida
CALAN_PBIO % biomass of individuals within the copepod order Calanoida
CYCLO_PBIO % biomass of individuals within the copepod order Cyclopoida
COPE_NTAX Number of distinct copepod taxa
COPE_PTAX Percent of distinct copepod taxa
ROT_PBIO % biomass represented by rotifer individuals
ROT_NTAX Number of distinct rotifer taxa
HPRIME ROT Shannon'diversity based on nurqbgr of rotifgr indi\{idqal.s(absolute valu;). Calculated as )
- SUM({p(i)*Log[p(i)]}, where p(i) is proportion of individuals of taxon i, and Log = natural logarithm.
Rotifer SIMPSON_ROT Simpson Diversity based on the number of rotifer individuals. Calculated as SUM{p(i)*p(i)} where

DOMI_ROT_PBIO
DOM3_ROT_PDEN
DOMS_ROT_PDEN
ROT_PTAX

p(i) is the proportion of taxon i in the sample.
Percent of rotifer biomass in dominant rotifer taxon
Percent of rotifer density in top 3 rotifer taxa
Percent of density in top 5 rotifer taxa

Percent distinct rotifer taxa
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Table 2. Continued.
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Metric category Metric name

Description

OMNI_PTAX
OMNI_PDEN
ROT_OMNI_BIO
ROT_OMNI_PTAX
ROT_OMNI_PDEN

Trophic

Percent of distinct taxa that are omnivorous

Percent of total density represented by omnivorous individuals
Biomass represented by rotifer individuals that are omnivores
Percent of distinct rotifer taxa that are omnivorous

Percent of rotifer density represented by omnivores
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Fig. 2. Boxplot for analyzing the distribution of individual indices. Black dots are outliers, red dots are extremes.
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Fig. 3. Correlation between water quality indicators and zooplank-
ton indices.

o g2 A5 AUTA FHS ALt B4 A
IAZ H 2 A+E A3t (Hering et al., 2006). X
Z5i WA dE AAFY BAZF X4 (LGCLAD_
BIO)$} X|z+29] AA|ZF R4 (CLAD_BIO) 7+ AF#HA |4
7} 0.930.2 FEAEo 22 M Y B A5 A
4 Adigte] B#-S vwd 23 LGCLAD_BIOE 0.63,
CLAD_BIO:= 0.682 CLAD_BIO7} © &2 i3S 7t
A A& = At} (Table 4).

= HE Y AesE 7 ARRAE E4T A F
% 2= Z|4=(FINE_DEN), & & 4= %4:(GEN_NTAX), &
ZEIZIYgE £ 4 H]E X4 (SMZOO_PTAX) 7+
A7 BE 09 o] ® mij¢ 2 FEAS 7=
o2 AL 22 U3 Y B AeE2Y AuAs
Azt B vlud 23 0612 7MY B2 BdS
o]& FINE_NTAXE A9ty Z+ZF 0.62, 0.702] BHFHS
19l GEN_NTAXS SMZOO_PTAXE XE MY X4
A A €] =] $lth(Table 5).

2 o ofth

kT

Q{717 HZFo| A= Calanoidal] £ 4= A4 (CALAN_
NTAX)¢+ 87F79] & 4= A4 (COPE_NTAX)S] ATA

<71 08022 FAE T &2 WHE W B AeEde] 4
AT g e AN 23 CALAN_NTAX=
0.28, COPE_NTAXE= 0.452 COPE_NTAX X|$7} A€
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Table 3. Water quality results at the sites.
Juam Yedang Shingal

Avg+SD Min-Max Avg+SD Min-Max Avg=+SD Min-Max
WD (m) 269+114 9.9-45.2 51+1.8 2.5-8.3 5.1%x1.2 2.7-13
SD (m) 1.7£0.5 0.8-2.4 1.4+09 0.4-2.9 1.4+0.8 0.5-3.3
WT (°C) 21.8+5.8 13.1-29.0 20.7£6.0 15.5-33.1 21.9+6.4 6.7-29.6
DO(mgL™) 11.7+£5.7 5.3-24.0 11.2+£39 1.5-21.8 11.0+3.0 5.1-18.7
pH 7.37+1.00 5.80-8.75 8.76+1.37 6.80-11.68 8.25%1.12 6.29-10.39
EC (uS cm™) 0.095+0.030 0.027-0.144 0.267+0.042 0.201-0.314 0.570£0.180 0.176-0.800
TOC (mg L™") 2.24+0.40 1.60-2.90 436+1.11 2.80-5.30 3.78%£0.82 2.50-5.20
T-N(mgL™) 0.741£0.25 0.30-1.12 0.96+0.21 0.71-1.27 4671124 2.78-6.62
T-P(mgL™") 0.02+0.02 0.01-0.07 0.03+0.01 0.02-0.04 0.03+0.01 0.02-0.06
SS(mgL™) 345+2.41 1.30-7.80 6.50+6.28 1.00-15.80 6.43+5.62 0.80-18.90
Chl-a (mg m™) 13.9+6.5 6.9-26.2 26.7+27.9 5.90-83.10 16.6+10.6 1.2-43.6
NO,-N (mg L™") 0.008 £0.003 0.004-0.011 0.025+0.012 0.015-0.052 0.157£0.05 0.059-0.234
NO;-N (mg L™") 0.357+0.214 0.066-0.774 0.480+0.220 0.214-0.754 2.306+0.672 1.176-3.377
NH;-N (mg L™") 0.038+0.018 0.012-0.065 0.069+0.025 0.044-0.125 1.205+0.906 0.115-3.62
PO4-P(mgL™") 0.006+0.004 0.003-0.016 0.006+0.005 0.000-0.016 0.009 £0.009 0.03-0.035
DTOC (mg L™") 1.88+0.30 1.50-2.50 3.36+0.98 2.50-4.90 3.43+0.57 2.40-4.30
DTN (mg L™ 0.55+0.25 0.22-0.85 0.84+0.18 0.68-1.09 4.98+1.04 3.60-6.42
DTP (mgL™") 0.04%0.11 0.00-0.39 0.01+0.01 0.01-0.03 0.02+0.01 0.01-0.05
COD (mg L™ 4.00+£0.74 3.00-5.20 7.53+1.92 4.80-10.60 62+1.3 4.6-8.4

WD, Water Depth; SD, Secci Disk depth; WT, Water Temperature; DO, Dissolved Oxygen; EC, Electrical Conductivity; TOC, Total Organic Carbon; TN,
Total Nitrogen, TP, Total Phosphorus; SS, Suspended Solid; DTOC, Dissolved Total Organic Carbon; DTN, Dissolved Total Nitrogen, DTP; Dissolved Total
Phosphorus; COD, Chemical Oxygen Demand.

Table 4. Correlation analysis between indices in the Cladoceran category.

LGCLAD_BIO SMCLAD_PDEN HPRIME_CLAD CLAD_BIO AVG_SC
LGCLAD_BIO 1 0.28 0.68 0.93 0.63
SMCLAD_PDEN 0.28 1 0.61 0.42 0.43
HPRIME_CLAD 0.68 0.61 1 0.70 0.66
CLAD_BIO 0.93 0.42 0.70 1 0.68

AVG_SC, average of indices in same category.

Table 5. Correlation analysis between indices in the Richness/Diversity category.

FINE_ZNTAX GEN_NTAX DOMS5_PBIO LGZOO_PTAX LGCLAD_PTAX SMZOO_PTAX AVG_SC

FINE_NTAX
GEN_NTAX
DOMS5_PBIO
LGZOO_PTAX
LGCLAD_PTAX
SMZOO_PTAX

1 0.97

0.97 1
-0.75 -0.73
—0.32 —0.36
—0.10 -0.14

0.93 091

-0.75

-0.73
1
0.27
0.15

-0.73

-0.32

—0.36
0.27
1
0.64

—0.61

—0.10

—-0.14
0.15
0.64
1

-0.33

.9
.9

(%)

=
—

-0.73
—0.61
-0.33

1

0.61
0.62
0.53
0.44
0.27
0.70

AVG_SC, average of indices in same category.
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Table 6. Correlation analysis between indices in the Copepod category.

COPE_ CALAN_ COPE_ CALAN_ CYCLO_ CYCLO_ COPE_ COPE_ AVG_

BIO NTAX PDEN PTAX PTAX PBIO NTAX PTAX SC
COPE_BIO 1 0.37 0.49 0.12 0.29 0.71 0.73 0.24 0.42
CALAN_NTAX 0.37 1 0.08 0.79 —0.36 0.20 0.80 0.08 0.38
COPE_PDEN 0.49 0.08 1 0.05 0.52 0.56 0.32 0.47 0.35
CALAN_PTAX 0.12 0.79 0.05 1 —0.20 —-0.02 0.51 0.42 0.35
CYCLO_PTAX 0.29 —0.36 0.52 —0.20 1 0.28 0.06 0.78 0.35
CYCLO_PBIO 0.71 0.20 0.56 —0.02 0.28 1 0.48 0.18 0.35
COPE_NTAX 0.73 0.80 0.32 0.51 0.06 0.48 1 0.27 0.45
COPE_PTAX 0.24 0.08 0.47 0.42 0.78 0.18 0.27 1 0.35

AVG_SC, average of indices in same category.

Table 7. Correlation analysis between indices in the Rotifer category.

ROT_NTAX HPRIME_ROT DOM3_ROT_PDEN  DOMS_ROT_PDEN ROT_PTAX  AVG_SC

ROT_NTAX 1 0.83 0.29 0.36 0.68 0.54
HPRIME_ROT 0.83 1 0.39 0.50 0.59 0.58
DOM3_ROT_PDEN 0.29 0.39 1 0.99 0.71 0.60
DOMS5_ROT_PDEN 0.36 0.50 0.99 1 0.75 0.65
ROT_PTAX 0.68 0.59 0.71 0.75 1 0.68

AVG_SC, average of indices in same category.

Table 8. Correlation analysis between indices in the Trophic category.

OMNI_PTAX OMNI_PDEN ROT_OMNI_PTAX AVG_SC
OMNI_PTAX 1 0.30 0.67 0.48
OMNI_PDEN 0.30 1 —0.14 0.22
ROT_OMNI_PTAX 0.67 -0.14 1 0.40

AVG_SC, average of indices in same category.

=1 th(Table 6). (Table 9). & EFTANA F ¥ B3t A7 A2

+5 7 MM &7 T & A4 ROTNTAX)® =Helow, diy A47et 27t7E o] &3 A4 WAF
+%79 Shannon T4 4= (HPRIME_ROT) 7t AFEHA| A, A A7} SFFE o838 A A He
71 0.830.2, 57 5 3Y7HA Y +3F MAEE ] A7t HEHoZ AEE

€ A4 (DOM3_ROT_PDEN)%} 57 & 59171419 ¢
AZ AALE v)& A<= (DOM5_ROT_PDEN) 7+ A4

F7F 0992 EAE o] T2 WHE Y g et AR i zt

A< Adizre] B¢ ¥ 23 HPRIME_ROTS} DOMS5_

ROT_PDEN©]| A €] =]t} (Table 7). 2 AFoA HFHoR AdHH AFEY 1A 848
FUHA HFoME FEAF7F Qs AR BAEY  AREY A4F, 8457, 837 Al 7L 2F T o

T} (Table 8). = A A7t FE FEEFIES ol &% WA
FHoR F 19709 A, 2 HFE FY 5709 A Bkl Qlo] ZF ERTY YTt 2T AREN &

F7F FW T2 A7 Bkl AES Az AEEHT 7R AR ddEn B3 fiY AR 847E °]
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Table 9. The 19 candidate indices that were selected after all statistical analysis.

Metric category Metric name Description
Abundance/
Biomass/ FINE_DEN Biomass of individuals of fine mesh net (60 pm) taxa (total zooplankton)
Density
LGCLAD_BIO Biomass represented by large cladoceran individuals
SMCLAD_PDEN % density represented by small cladoceran individuals
Cladoceran Shannon diversity based on number of cladoceran individuals (absolute value)
HPRIME_CLAD Calculated as SUM{p(i)*Log[p(i)]}, where p(i) is proportion of individuals of taxon i,
and Log =natural logarithm.
FINE_NTAX Number of distinct taxa collected only in the fine mesh net (60 um) (total zooplankton)
Richness/ DOMS5_PBIO Percent of total biomass represented in top 5 taxa
Diversity LGZOO_PTAX Percent of distinct taxa bigger than 150 um
LGCLAD_PTAX Percent of distinct large cladoceran taxa
COPE_BIO Biomass represented by individuals within the subclass Copepoda
CALAN_NTAX Number of distinct native taxa within the copepod order Calanoida
Copepod CALAN_PTAX Percent of distinct native taxa within the copepod order Calanoida
CYCLO_PTAX Percent of distinct native taxa within the copepod order Cyclopoida
COPE_PTAX Percent of distinct copepod taxa
ROT_NTAX Number of distinct rotifer taxa
Rotifer DOM3_ROT_PDEN Percent of rotifer density in top 3 Rotifer taxa
ROT_PTAX Percent distinct rotifer taxa
OMNI_PTAX Percent of distinct taxa that are omnivorous
Trophic OMNI_PDEN Percent of total density represented by omnivorous individuals
ROT_OMNI_PTAX Percent of distinct rotifer taxa that are omnivorous
231 X5 WA, A8 459 $EF59] Ao = 7] 23}tk (Kane et al., 2009; Ochocka et al., 2021). &
Ae7k 3ot ARZH HAHY FESFIEL 50 FREUAE 2L A W JFARY SEB ohy
um ©]3}e] Ze FHE 15mm7t @& E7HA £ A 2}, A= H3}H(Tessier et al., 1990), -2 W3l (Beaver et al.,

7] Zpo|7} wi-¢- theFstr] wiiEoll AATFe] obd A4
71Eo 2 BIF A A A WA 2717 2 FY F- A
A 7ol dEt Y 983 7| =7t 4% TS
Ao Qlth(Walz et al., 1995; Branstrator, 1998; Ku et al.,
2022). wEbA BERaE A5 A Al EF2 A 27
£ 15t AL E 2 AAFe] HstA F8H A
4= FA4o] Zasitt

MMI= ohFet sk 8Q0s A& 279 Hil=EH 5
Aoz st Aol 7Hestr] "ol '@ A=A Y
A78E& B7kste o 483 =4EH AMEE 4+ Ao
(Bshmer and Zenker, 2004). {2717 2APH E5Z=3
= MMIof| #e RE] Ao wgh H=of gt
A4=¢] vh-g b Al g RE RFFE A5 E2 A Y
FEEFY = 5 FAY o3 JRE V|ECE A

F9o Z2|¢} H3}(Jeppesen et al., 2000), F+ 9
Q191A 9l x| 0|8 F7}(Van Egenen et al., 2011) 5 Tk
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