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Abstract Through sample-size-based rarefaction analyses, we tried to suggest the appropriate degree of
sample concentration and sub-sample extraction, as a way to estimate more accurate zooplankton species
diversity when assessing biodiversity. When we collected zooplankton from three reservoirs with different
environmental characteristics, the estimated species richness (S) and Shannon’s H' values showed different
changing patterns according to the amount of sub-sample extracted from the whole sample by reservoir. However,
consequently, their zooplankton diversity indices were estimated the highest values when analyzed by extracting
the largest amount of sub-sample. As a result of rarefaction analysis about sample coverage, in the case of deep
eutrophic reservoir (Juam) with high zooplankton species and individual numbers, it was analyzed that 99.8% of
the whole samples were represented by only 1 mL of sub-sample based on 100 mL of concentrated samples. On
the other hand, in Soyang reservoir, which showed very small species and individual numbers, a relatively low
representation at 97% when 10 mL of sub-sample was extracted from the same amount of concentrated sample.
As such, the representation of sub-sample for the whole zooplankton sample varies depending on the individual
density in the sample collected from the field. If the degree of concentration of samples and the amount of sub-
sample extraction are adjusted according to the collected individual density, it is believed that errors that occur
when comparing the number of species and diversity indices among different water bodies can be minimized.
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Aoz HEUGd Wil & 59 35 9
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Margalef S dlver51ty index)2} €& 9 A4 v]E,
Z T AHIHRERE AMEE § O¥E X5 (Species
diversity index-e.g., Shannon’s H’, Simpson index)& H|&
3lo] £S5 %= (Pielou’s evenness index)Q} EAE X4
(DI, Dominance Index-e.g., McNaugton’s DI, Simpson’s
DI) 5°] A= QJth(Shannon, 1948; Simpson, 1949;
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(NIER, 2017, 2019).

RETPde 24 U 2 39 4. 5 5 FRE
(species richness; S)9} ZF o] dup}y #L3HA FH3H

A #£9] 47 BEXE YElY= #5 X (evenness)E ET
gttt} (Soininen et al., 2012). & FR T 9] H3l= XA} tjAr
o] H& A W A4st= Fe FE%F (abundance) &
Z, 2oy "Wy e EX (plond A2 2385
A U 2 Y 9 AA 37 25 Yu|st= 3
713} (spatial aggregation) & Al| 7}A] 842 E3E = Q|
th(McGlinn et al., 2018). WetA & 2AF A] AHEA *g
= ANEE T4 Asste BARAA AEHE Y &
ZAHE st 37 WA, A AR A =49 ’ﬂ
A 22 AP Al =851 A Aot 22 E =Y
o] F71FE A F71sHA "t 53] wE =89 A
%, =8 oslof wet ARERE FEI FE0] ARE
H23le= A8 9u|dtE= sample coverage (F| O] 1.0-%F
2o] ARE s dxghHel 1o o -4 (sample
completeness)©| E2HA]7] ‘IH-‘?—"ﬂ F 8351 AAZI. o]
oy A 9 AH 7+ F FR=Y A g A
= A =81 T =¥ ;8157]' frAbeloF & oS
AJAFSEE} (Gotelli and Colwell, 2001; Hsieh et al., 2016).
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Table 1. Summary of environmental conditions of study sites. Physicochemical water quality variables are average values in 2021. The
variables were obtained from the Water Environment Information System (https://water.nier.go.kr). Values in the parentheses present a
range of each variable in 2021. DER: deep eutrophic reservoir, SER: shallow eutrophic reservoir, DOR: deep oligotrophic reservoir, TOC:

total organic carbon, TN: total nitrogen, TP: total phosphorus.

Zooplankton collection

Reservoir Depth and Location Chloroph_};ll a TOC_ ] TN_] TP_l

trophic status (Lat., Lng.) (mgm ™) (mgL™) (mgL™) (mgL) Method  Towing depth (m)
Juam DER 375?3120651\]15 (1.4,13662.9) (3.64;86.9) (4.05437.0) (0.0202'(130%065) Vertical =
Shingal SER 13;713525987NE (2,221.8) (1.41482.3) (0.70481.3) (0.01O 1.220(?035) Vertical 3
Soyang DOR 370527025571\]15 (0.41493.1) (1.61;71.8) (1.62;32.9) (0.0(?4(1%9.015) Vertical 4
of & F 23} A3 vlusty| s, 4, FIgE 3 o, dHoeg FEEIFIE SHF0] H2 &A%Y F
T 5 8 210 MR HE A TAE YCE FEE L STY AEEHRE ImL, 2mL, 5mL, 10mLe] FX}HA|
FAE 43 28 5ol Aol A 5E AEste] £4 BE FETI] A B R FA Al 24 10074
< e Aol Fa BYde HFZ(DER, Deep A oS 7|EC0E AFstH oy, 259 AL A A
Eutrophic Reservoir)Ql F¢59t &1 £JFe F33 B EAF 110X E TESHIE /A7 i HA
(SER, Shallow Eutrophic Reservoin)?l AlZZ| A= 2+ 1= 647/fA7HA] A=, 28 T T30
7+ 2021 991} 8ol ARE AR LH, F4lo] 2 ANE Y E2F3E T 58 LA A 24T 5= 3
3 W99 U1d 5 (DOR, Deep Oligotrophic Reservoir) Q! L A= HAR 7] Y3 v|nF g4 £ 5Ao]
2T 22 & 11g9] AEE APt 24 & 7 AAREY £FFE HdeR d4E P58
429 FEZHIE ARE ZHY AZd EEI e H, A A7lo] £ FRo| BEEYI aFE 2 AF
AAE9 AFE 8l =S 185t TEEFIE Y o BA A ALttt AEH T2 ANT T 52
E (T 30cm, B 60 um)] 2] A (vertical towing) 2 FASOU, F fEo] o 4R ERTY F¢
< 5o AAE ATk (Table 1). 125 mL FH (wide-mouth & FEA FAo] o]FAHh FTEEFIE T 582
bottle)o] AHE ANEe AT FE7} 3~5%7F HE=E £ 3

293l gooz vysgon, AL YUz AP ¢
wrstel % 9 A%t

2. SEEYIE AR sx1 BAAE 2M

APAE eutE SESAIE ARE 97 o2
£ ol gato] 24X7F HAANZ F, AR 55 = L B
AR FETF i FHE Bk golatA 317] YA
A5 HE& Ato]H (siphon) 22 A A FFo| 100 mL7t
HEE 55319t 559 AEE 18t $ Hzo 1mLY
-
El

Japan) s}of| A
A AR BN (EFEE BAAEF /559 A AED)

of W2 FREYAE $45 % AASY 4E Y=g o
ofsty] 9o RAARFE FYsto] F7h BAE WAle

itk BQor) FEel 42N AL, F 100mL AR

ZHE 1mL, 2mL, 4mL, 5SmLe EXAIREE &350

=9 =73 SHYEALHY 'F7YEFTEEA1I 2
F2E . BA=2=8 . QNEE S 3519 th(Mizuno and

Takahashi, 1991; Cho, 1993; NIBR, 2019).

3.

Lol

|etst 2 (rarefaction analysis)
= =

sjubst B4 AE ARY EE 22 Anayy F
zues Wiy g BAH sMoz, surst A
(rarefaction curve)®] T4 (e.g., sample-size-based, cover-
age-based)S 7|HFo 2 AR Hgt £ FRE9 AKlo]
7Fssheh (Willis, 2019). 398t 34 A2 258 N7
o RE(FEETAE NEY BF, FAAEE Yu)hS
FERS B2 Z(poo)S A7 A FAHHE A
BEIANA 2 2Eo 2R HEH Hd FTE BAG
of THEolA7] Pzol NS 22 ERREH HA MAS
(counted individual numbers)o]| we} HAAEE=
£33 AEGFA A+ EE, sample coverages &3t
£ © AT 4= Qlth(Chakraborty et al., 2022). o]uf] 3]
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| o el o

[

=7t ZRE Y (Eq. 1), 1 gl wet F FHE,

Shannon’s H’, Simpson & A]4*(Inverse Simpson index)2}
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Fig. 1. Abundance of zooplankton species at three different reservoirs. Zooplankton collections for (A) DER: deep eutrophic reservoir, (B)

SER: shallow eutrophic reservoir, and (C) DOR: deep oligotrophic reservoir were conducted in September, August,

respectively.
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(Eq. 3) (Chao et al., 2014).
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D=lim’D=exp(-X%_, p, logp)
q—1

=123, p} (Eq.3)

o] 2 & dAAL £ FXE T I Shannon’s H'?} FH7
sample coverage®] X3} JEE A5G on, B4 &
A B4 AZEQO] R program® ‘iINEXT’ packages ©|
23}tk (Hsieh et al., 2016; R core Team, 2022).

1. SEEY3E 2T &8 &Y

9ol RRE Aol 2 RYFE(FEE)Y 100 mL
= 539 AR Suls) WNES Saclel 5
EYaEc) 54 9 A4S +u A, 75

32FY &5/ (F 3937 HAEHNLH, & %%%"35
MA)4= 380inds. L' & X Z+&7} 551inds. L

%37} 326inds. L2 85.6%9] Hl&& x]-x] 3 $x=7t
S BHOR ety AL 712 A9 5F0]
NA59] 52.3% (199 inds. L~ )3 A Pow, 1 = 4F
o] §%%F £ (Polyarthra sp.> Synchaeta sp.> Kelicottia
bostoniensis > Trichocerca stylata)= 21 = 1t} (Fig. 1A).

8o HE Aol FE BRI AZA) A=Y F
T FEEe ZE 2HAA AAF 63 &5 F 163F
(F 22%)°] A7BH%NeH, & FEEFIE MAS 1,535
inds. L' & AZt{7} 776 inds. L'2 50.6%, &5 577}
759 inds. L' 49.4%9] B2 BA Lt AAS 7]
F A9 558 F MAS 83.5% (1,282inds. LHE A}
Agom, Azt
sp.> Ceriodaphnia quadrangular)® 9% 2% (Brachio-
nus urceolaris > B. falcatus)©] Z= 1t} (Fig. 1B).

11l e =A4lo] AL NGIFT (aYdD)oMe &
ol 527 ARZEE 10mLe] AANRE 250 5
2EYaEY 54 9 ASS FdeRon, 1 A8 63
o] A7 3% S5 F(F 93)7F AF =AU 23 inds.
L9 & SEEHIE MG F ALF7F 89.1% (20
inds. L"), 2 %7} 10.9% (3inds. L')E X}A|8) 2|27}
$Ast= AR Yegth A9 5% (X2 - Bosminopsis
deitersi> B. longirostris > Ceriodaphnia sp.; +% 5 -
Asplanchna sp.> Synchaeta sp.)& |1A|4%= 21inds. L"'2
Z MA42 90.6%5 AAFh (Fig. 1C).

F 3% (Bosmina fatalis > Diaphanosoma

8 7P ugd
H ARERH 1mLY Fab

559 A5 6871A1<k 20
9 ¥5F 53570A7E EIEHG L, BAANE FE5F
< SmL7HA] FFRS o AR 7F 430704, &FF 32
Z 255670417 &4 2 A= Stk (Fig. 2A). G A &S
100744174 AeE W714] AA P o T 163 AL F 2
T, 9TF 1499 FEEFIET] ALY, A5
AAE 2ol o2t A& S5 F7Hste 3,0007HA417
A ALY W L7 754 37 32T, T 39%°] &
Ast= Aoz EA = oh(Fig. 2B).

2 FEEYIE FEF EHFHOE Yt 4l
A= 1mLe RRXEE FE35t] 7 Al AdF7
F 15070A12F €57 135 17070A], 5mLo A& X245
T BINAY 557 165 715704178 ER1=| k. s

Al29 Z$, 100mLY 5% ARZFE 2mL o449 F
AANBE FEt] FAFS W 5mL 7] 90% o449 A
ZtF 9 83 F $E°] AE0] o|FA= ALE Uk
t}(Fig. 2C). A1ZA A|RE 100~2007 A 714 AL
 F 14F A47 3%, $FF 11%), 300~400 A 7HA]
A+-RE U F 18T ALF 4%, 2557 1499 &5
FaE0] FRIEGeH, o] 1000704 AlF Al F 205
RAZ57 5%, 557 15%), 2.0007/0A7HA] A= Al & 24
T A A= 7o,fwTr 17%)°] 7 = At} (Fig. 2D).

T=EY 28 T+ 9 dE2Fo| BF FA £49
2FT Y AL, 1mL«l HAANBE 25t AAEFS o
A7 3% SMASY 57 15 VHAl, SmLoA &= Az

F 4% 2170A19 &5 F 3% SAAAIZE 4 R ASE A
o] F BAAE FEFE 10mL7HA] SFIES o F 95
AZrF 63 STAA, &37 3% 77HADe] HA =R eH,
ojff RXARFS it wet A= HASE

5 ] AZAFAAA B @2 ¢ F7ksks AeE 74
=9t (Fig. 2E). 2%359] AR 100mLE =5 A2
ZHE 10mLe] BEAARE FE3t0] A= 100
WA o]4e] A7t o] ROl XA got AA A g0 TE
AE Tl digt B48E AT 4= §3l0h (Fig. 2F).
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3. &ldtst EAS St MR 5= | R E TS

M
k2 chkMat sample coverage Qato| £

4t TAEE BARA R FEF e E‘r"“&l ("D)°ﬂ Bl
g 2E A7) 71 FEe} fA4S a2 =(q=0)
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Fig. 2. Changes of counted individual number and detected species number according to the amount of sub-sample (A, C, E) and the detect-
ed species number according to the counted individual number (B, D, F) at three different reservoirs. The number at the top of the dotted
line graph refers to the total detected species number (cladocerans’, rotifers’), and the percent value represents the ratio of the detected
species number during each sub-sample extraction based on the detected species number when the maximum amount of sub-sample was

extracted from the 100 mL concentrated sample.
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Fig. 3. Comparison of sample-size-based rarefaction (interpolation) and extrapolation of zooplankton species diversity for Hill numbers (‘D)
of order ¢ =0 (Richness) and ¢ =1 (Shannon’s H') according to the amount of sub-sample (sub-sample volume (mL) / concentrated sample
volume (mL) - 1/100 (®), 2/100 ((m), 4/100 (A), 5/100 (A), 10/100 (#)) in three reservoirs of different environmental conditions - (A)
DER, Juam Reservoir; (B) SER, Shingal Reservoir; (C) DOR, Soyang Reservoir. The D is estimated by extrapolation up to twice the ref-

erence sample size. The gray-shaded region means the 95% confidence interval. The numbers in parentheses are the reference sample size
(counted individual number) and consequence observed ‘D values for the amount of sub-sample.

¢} Shannon’s H' (g=1)5 34 - 8|23\ T} (Fig. 3). F
39AE 100mLE 2% AE2EE | mLY BAHA]
2E FEY2 7]7_— X E 7] (reference sample size),
Z A% MA7E 60370A =, s 71 &2 A7)0 o
3l £ FEH =9} Shannon’s H' Z}o| Z+ZF 2523} 15442
EAEHUAT R R 2mLe F¢ 7lE & A7) 1,204
AR el sl 2H2z 30F3 15.99, FAAIR SmLoAE 7]
Z FE 37] 2,98670Ao 3] 391} 16.8302 £ F
H =9} Shannon’s H' Zro] AALE Atk (Fig. 3A). A4
(asymptotic) 2.2 FAHH FY39 FEZYIE £ TH
%9} Shannon’s H' 2 FAFA = F&70] F71Hte] whet
1 ghol S7bele ARS EAoH, A Ag A% EHE
AR 5mL) 7|&E £ FHRE=LE 9F 48, Shannon’s H' F
L2 16972 FA =3It (Table 2A).

ANZA 9 AL == AR 100mLERE ImL, 2mL ¥
SmLY RAAEE 22U U9 7|E B 27k 27}

35 Fig 38). At} A5 RALCIAAR Sl 715 AL
A9 FEEHIE £ FHEE= oF 23%, Shannon’s H' %
o 73608 2ATO, A An BAPIA 713 &
£ % FHEE 29W Feske do WAL
AAE 1 mL oA oF 3250 = Herl 74 =
A FA=A g, 55 A= IOOmLE—.—E] 2mLo] B
AN BRE AATES i 7MY #2 F FHEE L Shannon’s
H' 7ol }‘;QE]%E]‘(Table 2B).

AFFTINE 52 AE 100mLEEE EXIAE 1 mL
g FE2JE 4 7|E BE Z7] oA ddl F FH=E
7} 43, Shannon’s H' gf°] 3.372 EAEow, FBx}A
g S5mLAlAE 71& F&2 27] 25704 disl F FH=
¢} Shannon’s H' #kol Z+2} 7 F3t 4.522 B4 = itk (Fig.
30). 5% AR2HE AR 5mLE FE23S o diA
2 F 352} Shannon’s H' 3t F45h= 39hst 34
°] Z3E = B YW FEE AR g2, F

320704, 642714, 1,44670A| £, 5“‘* 7| F& A7) o EF3E 29 T35 2 AT A" agsoA=
3 Z+zb 17%, 20%, 2259 & SHR=7F B4 =St (Fig. ALAor F7lste FAE EAth(Fig. 3). 243 oA
3B). Shannon’s H' <2 HX]-/\]E I mL, 2mL, 5 mLoA] = BAA 8 FEFS 10mL7HA] $FIS o 38ks) =
Z47ke] 71 & A7 d3f 7.14, 731, 75022 A4l AMo] BlnF ZItEHE FAFE BHoH, ojnfo] 7|E &

Holom, Fermel s BRI 2EF W2 F thop
= A4 gre] Wsk Pk AejE o2 A ebdh(Fig.

2716470 N et £ EHE L= 9F 07 HIAR SmL
o] 2 =715} 21, Shannon’s H' 3 4.572 £ #}o]
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Table 2. Summary of observed diversity based on the enumeration results and asymptotically estimated diversity from sample-size-based
rarefaction (interpolation) and extrapolation according to the amount of sub-sample (sub-sample volume (mL)/ concentrated sample volume
(mL)) at three different reservoirs. Estimated diversity is presented with S.E. (standard error), LCL (the 95% lower confidence limit), and

UCL (the 95% upper confidence limit).

Sub-sample volume (mL) /

Reservoir Biodiversity Concentrated sample volume (mL) Observed  Estimated S.E. LCL UCL
1/100 25.00 25.50 1.32 2503 33.43
Species richness 2/100 30.00 32.25 339 3027 49.02
(A) 5/100 39.00 48.00 10.17  40.52 92.26
DER Juam
1/100 15.44 15.77 0.54 1544 16.82
Shannon’s H' 2/100 15.97 16.21 0.43 15.99 17.04
5/100 16.83 16.97 0.31 16.83 17.57
1/100 17.00 31.95 13.61  20.26 85.55
Species richness 2/100 20.00 21.50 229 2017 32.87
5/100 22.00 22.67 1.31  22.06 29.80
(B) Shingal
SER
1/100 7.14 7.48 0.46 7.14 8.39
Shannon’s H' 2/100 7.31 7.44 0.33 7.31 8.08
5/100 7.50 7.56 0.21 7.50 7.98
1/100 4.00 4.89 1.95 4.07 15.96
Species richness 4/100 7.00 9.16 3.27 7.25 25.37
10/100 9.00 9.66 1.29 9.06 16.71
© Soyang
DOR
1/100 3.37 4.38 1.04 3.37 6.42
Shannon’s H' 4/100 4.52 5.47 1.04 4.52 7.51
10/100 4.57 4.93 0.64 4.57 6.19
& 2ol YSlTtFig. 30, Ao N2 RAFERANR 10 2 32 A AF Eeol A28 719 483 2T 4 9)

mlL) 7|& &Y359 FEZSFIAE T FRE “i Shannon’s
H e A7 o 1053 49302 23T 5 FRE
€ PR FEFY TF T2t 76 BEE
of FAAIRE 10mLAA 7HE 52 FHAE 2 v
Shannon’s H'9] ¢ HAIA|R 4mLAA 5472 335 o
7H¢ £ 32 23 TH(Table 20).
549 AUT FREIIE AnE AFoke O 2
EE 2 RAART AAE DR S 0 A 53
£ 9 RAARZE o2doz 2H5] 9
coverage®] digt X 37| 7|¥te] 3|t BAS £33}
At (Fig. 4). TUZ Y A%, 55 A& 100mLERE 1
mL, 2mL, S5mLe| FAA RS FERE 1 2F 0.9989]
sample coverage < Ho] HXIAR 1mL ol AA A
B RS A AR GRES gESE Aoz B4
= Atk (Fig. 4A). A1ZA 9] 7, sample coverage?} -}
A2 1 mLAA 0.981, 2mLoA] 0.995, 5 mLoA 0.9992
BHEY 100mL 55 AR 71F SmL o] BA

=

L Aoz AREH, 100mL 5= A8 7] 4 2mL o]
}b FAAN RS 55 HAste Aol #&2 &4 54
oA Ad Aoz HoXth(Fig. 4B). g2 A= #
AA & 1 mLet FAFAE 2 mLoA] 343}t 4 o] Z5}st
€ BEE HolA] gsken, Y Alg EAFA 10mLY
7 9ol = sample coverageZ} 0.9702.2 A A=t
(Fig. 4C).

L
sjapst B4 AR P47 Al B2 F2T 0 2

ZaE e AV BEE o B2 Fol A&
H& Psto] o]0z o5 Husy] {8 AMgH
(Gotelli and Colwell, 2001), & 2& Fx7} £ ThFA
FA87]0] FEAEA oRE HAE 5 dth= B
7H-th(Wang er al., 2019). & A A= =4, $=A419

of Mo Ml E rr &
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Fig. 4. Comparison of sample-size-based rarefaction (interpolation) and extrapolation of sample coverage according to the amount of
sub-sample (sub-sample volume (mL) / concentrated sample volume (mL) - 1/100 (®), 2/100 ((m), 4/100 (2), 5/100 (A ), 10/100 (#)) in
three reservoirs of different environmental conditions - (A) DER, Juam Reservoir; (B) SER, Shingal Reservoir; (C) DOR, Soyang Reservoir.
The sample coverage is estimated by extrapolation up to twice the reference sample size. The gray-shaded region means the 95% confidence
interval. The numbers in parentheses are the reference sample size (counted individual number) and consequence observed sample coverage
for each amount of sub-sample.

FIH 2 FEEYIAE 2N 28 B0 Aozt Al A9 mL HA Al AA AR ANRE B FE=TF 98.1%=
SAE YO R FEZSHIE ARE AY NRY 55  AdHeR 2ekon, 2mLe smLolAE 1 gkl &4z
AEel BN R 22 2Pty AAPS Wl T FE 99.5%, 99.9%E 100 mL 5= AR 7|& 4 2mL oA
=9t & ot/ (Shannon’s H')9] 3} g v|watal, Al o BPARE FEFoF tEA0] 99% thel o2& AL
2E FE3] YFEs)o) HE o]2F EAAEHE 2 yEyth ud, SEEZFHIE 23 FLET ofyzt A
g3t7] flel 2 27] 719ke] 3dkst £48 AAIET 2 U 7HA E3 AW AFT e 5F AR 100mL
HAAN R FEFE dAFORE 55H ARE 2 2RE 10mL7HA] BAARE FE5t9 AFPL dol=
THETE AEHE Y U TUkke Aol dutHol  sig E| di:Ado] AA AR 97% "ol =X o,
U, olof o3 A== oY A (F FHE, Shannon’s  FF AR 100mL 7]E 4 10mL 0|42 BAXE &,
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