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Abstract  The biological indices based on the community structure with species richness and/or abundance
are commonly used to assess aquatic ecosystem health. Meanwhile, recently functional traits-based approach
is considered in ecosystem health assessment to reflect ecosystem functioning. In this study, we developed
a database of biological traits for 136 taxa consisting of major stream insects (Ephemeroptera, Plecoptera,
Trichoptera, Coleoptera, and Odonata) collected at Korean streams on the nationwide scale. In addition, we
obtained environmental variables in five categories (geography, climate, land use, hydrology and physico-
chemistry) measured at each sampling site. We evaluated the relationships between community indices based on
taxonomic diversity and functional diversity estimated from biological traits. We classified sampling sites based
on similarities of their environmental variables and evaluated relations between clusters of sampling sites and
diversity indices and biological traits. Our results showed that functional diversity was highly correlated with
Shannon diversity index and species richness. The six clusters of sampling sites defined by a hierarchical cluster
analysis reflected differences of their environmental variables. Samples in cluster 1 were mostly from high altitude
areas, whereas samples in cluster 6 were from lowland areas. Non-metric multidimensional scaling (NMDS)
displayed similar patterns with cluster analysis and presented variation of taxonomic diversity and functional
diversity. Based on NMDS and community-weighted mean trait value matrix, species in clusters 1-3 displayed
the resistance strategy in the life history strategy to the environmental variables whereas species in clusters 4-6
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presented the resilience strategy. These results suggest that functional diversity can complement the biological
monitoring assessment based on taxonomic diversity and can be used as biological monitoring assessment tool
reflecting changes of ecosystem functioning responding to environmental changes.
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5 3 FRE 7|Hte 2 F71E lth(Vandewalle ef al.,
2010). 1Y BEAE 24 3] olsistaL B7tstr] $IsiA
= AE Y 2B ofye} 7] 5ARI SHE Zo] 1
2 E ojoF SFt}h(Menezes et al., 2010). Statzner and Béche
(2010)= AHAE 71548 SHAA HIsHH 71&9 +
27 7|9k R o a&Fo| AESE AHA &

, BUEE Fo| 7hestttal sttt shA T eSS o
Fet E4E 7HA o] oA AEA 7Y BA
£ BA4sts AL 4A7F @t (Schmitz, 2010). o] & X+
st7] 938 AESHH A (biological trait)yS ©]-8&3t 7|53
ThFA] (functional diversity; FD)©] A A E 1t} (Lavorel et
al.,2013). FD= 24 Woll § 749 7152l 2tol& Uet
W A2 (Tilman, 2001), AHHo]-8-9] AR, A& 749
A TA Y 22 AHA 7159 WAUSE A8 = 3
T} (Chapin et al., 2000). Dolédec and Statzner (2008)= 3}
4 50 Fa5 2 g T 2 WIkH 271,
ANt A4 RIE)E A58, Pease er al. (2015)= ©]
7 39 34 4T §9 119 BAE B4 = 54
ot B Yoprt Y £xY 7| EHILE oA S5t At
= o]F o] H T} (Canessa et al., 2018; Wang et al., 2018). ©]
g AeAY 7158 B2 7|29 23 +23 EAR
o agFoly AE3tE AHA oy % ZUHHPS 7
5}A| Stk (Statzner and Béche, 2010).

A=Y FAE 53 A BAES A= 2AH
Ao Ao e 2H EA ¢, T A, FHE=
5)3 FD7} 7= oo st} Statzner et al. (2001)€} Pont
et al. (2006)= 3 FRTE o] &3 BHL Fig FE
st olelgn, RE Fol 1% FFA BUAsue
EH3 2HE o] Fo{Y7] o Pk skt oo Hhs A
234 AL o] &3 A2 Fj4of §olsta Z7] T
Ao 7ho] dukstrl 71531k (Dolédec and Statzner, 2008).
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A3 otk A=A AL 74 AE MNAZE &4 Hd
Aoz zZgste Ao] ohUER, BEH FAd7 34 b
o] A= 24 WollA et FE 9 x3o] FEAM] 9
3 Uehd Axtd 4= ok (Statzner et al., 1997; Bremner et
al., 2006). £3F, FAZ o] &dt= A wAX FA g
3t 3 Ao] o3& 4= Utk (Poff et al., 2006). FE2] FA
of gt A7t H53 EFa SR BA 4] of
e W2 g2 At A9E ERa2 U9 ARVt
ol 227 HEFE o] FHo] g 4 (modality)oll F5H
= EA7F A 4= oh(Poff et al., 2006).

AR JPRFHFTES FAAHANA F TS
E1, A4 Ao mep A-gHA] 9 o 2 FESH 3
A E3F thoFslth(Kwak et al., 2018; Lee et al., 2018a).
FAAd A= AuAEA A WA Fat g3
GIetaz A 7159 SHAAY FETSS AT
goJ5}e} (Huryn er al, 2008). Lelth 444 SR FA 2%
£9 g3 &7 71 vjw EA2 AH o s BA| gt
(Dfaz and Cabido, 2001). XA P EAFFES o] &
gt A 75 BETSAEY BAC dE A= F2
718 239 7152 BRste] A= ok (Covich er al.,
2004). o|& E9], VoB and Schifer (2017)= A A4 g F+
Hrgge) 44 Flszol Ut $71% RS o3
3192, Feld et al. (2014)= FDE o| &3} g s3]
W3 (o], & Ao 2 iAo AETHEAE HIkE &
A5ttt 18y FDYR o] &35HH AETHY SHA
Ao AIg olEo ¥ 4 gtk st BFAVIF,
IHE T THIEY 84S TR 5 7] gEolth
Vandewalle ef al. (2010)2 FD7} #+3 Tzl 275 &
FolES gl A7Eojo} o st weka S
AY A7 B7HE HAdiAe AAAL dIFEFFEY
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1. 2&X=

AXY HBFHFTE AR FHRAAN FPst=
“FAEA AR 2AF D HI7H(NAEMP)” (http://water.
nier.go.kr) FoA HEZAY A D H7EA o T2
200997E 2016'd Atolof] 2AME ARE o]t &
Be A A2 s =9 &, 35, 274, 94
A7 R AF FAE L2 F LISOAHA AL
" Aes 7 A 4R 3, 57 dHEF 30544,
27 E9 19944, 943 iy 10224, H437 of
HA 10224, AT A 1AH L2 FAEUTH(Kwak et
al., 2018). 2 AT ME 20099 5E 2016W7HA] A 2
3 (&, 7F) 2AHME ARE B sto] ARSI e HA
11592 % 29 2du %7} 10 o]5kel 2 AL A2k
L124478& 240] ol §5sict.

2 At ol 8H AAY JYFAZERE TN @
2 A7 AP EE BREQ 5540 E (Ephemerop-
tera), 77 =35 (Plecoptera), ‘B =] % (Tricoptera), T4 Hd|
& (Coleoptera), FAF=] & (Odonata) (¢]3} EPTCO)THS of

Aoz siglnh ol RS AEA 17 B7HE Hst
of WIS ALEEE AC2 tekt W) BAL Ho|x
Qoo ge @77} olgold 31 ARE FUek:
FolBkeh (Jun et al,, 2016). BRI %, Fre %, 2o
< wghe] 9t =2 ARAE U = ARTe=E
-85, S5 AEA WollA 2t 7)o o
gF vhd A5 H|n ] desithe S 7HAA Ao
(Lenat, 1988). @2tA] EPTCOZ} theket AE3H 34 (°]
st P2} &4 EA4S gl & 5 Uk

0

2. gziRlE

EPTCO ¥4 543 34 wsole #AE 243
7] $13) NAEMPeI A ZAHe A2 1%}, 715e%, =4
5%, 24251 QA olsetA AXE ALgSTh T
2o} SARGE Y AR ASHYT 7 FARE
t B 71en B2 g4l A4t B9 Qg
=& AZsAEA G 5 A9, A Ao 42E B8
sttt e BT dAE e 58, & BERS,
PRoAe TYSL Govl olakety AREE BB

55 e 33

2 A4 QT (BOD)T FZEA(TN), 2 (TP), FE4-
S, $E44F (D). pHE AHESHAT el BT
A=k} o|3tekA QIAb= &R FO| £AF 7]E (Ministry of
Environment / National Institute of Environmental Research,
2008)°] whet A% E= AP HA SHE A7t

22 A A&k} 7]3 Q1A= GIS 7]4E A= A& (ArcGIS,
HA 10.1; ESRDZ THEolfth A4 AR (A E)= 58
wEH ZEX A E Y (hitp://www.ngii.go.kr) 2] HAZTE]
A TAEY (DEM)' & o §3Heet 715 Qake 597
AFHIE 9] ‘SRES AIB AlUtE] 9 -4 %27 32&° (http:/
www.ncam.kr)e} 7143 9] = 7] 3} A|Ue] S RCP
4.5 A2 (A|o1ZE 4009)’ (http://www.climate.go.kr) S %
F3te] M U/ IFARE SRES Aluhel 2 (9]
AR E ZA0Z HAA) Z AIB (ZAR AF3R) Alua] e
2 vlgroz F AgH Solel WA S8 W 4T 4
F0]3L RCP AlUe] 2 (7133} -4 2 A st HA)
£ 32 2le B 48 23S L4 W=
7153} Alug] e AR o|th(IPCC, 2014). 1% 2 &L
A RCPAS (24712 A7 Hao] AHets] AHEE
£ ARg3te] BA5HH(Lee et al., 2018b).

Ex 52 ARE 73 EHARANA (hips://egis.
me.go.kr)®] ARE EYE Z} ZAAHS FHLE R
2 AF Lkm W) ot J9L A0 v
oto] oo §ATIHBAN| L) B Z ot A7t
sPAzA Y, A AY, 5d AY, 24, SA4, UA, +H92

2gstdon Gt 4 BEY WA &S Agot
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&2 A= 13 16549 EPTCO 33 ArE =
ALSE T EPTCO A9 HFo] dAFHoz Z uiy
He & £EA ARG oY (Dolédec et al., 2000;
Gayraud et al., 2003), & FFo|A Ao st R}
231 Hydraenidae (Coleoptera)«= I} =504 & AR
£ AT AE 329 AEe 28E =& (Resh et
al., 1994; Statzner et al., 1997; Usseglio-Polatera et al.,
2000a; Poff et al., 2006; Vieira et al., 2006)1} A& A&
(Woon et al., 2005; Jung, 2007, 2011; Merritt et al., 2008;
Kim et al., 2013; Kwon et al., 2013) 5& ©]&3}%ch 1
2l BERAHE J=I & (Giller et al., 1998; Dudgeon,
1999; Wiggins, 2004), 7= & (Garrido et al., 2011), 3
Z}2] & (Korea Biodiversity Information System; http://

www.nature.go.kr), T H Y & (Wichard et al., 2002), 3}
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FAo] & (Edmunds et al., 1976; Thorp and Covich, 2009;
Bauernfeind and Soldan, 2012)9] A& %= &3} ).
EPTCO9] @2 Poff et al. (2006)°] w2t 4719 F2
O2o2 A3tk (Table 1). 47 F& 15L& HEA} 5
N R A, 4%, EAY FAA, a9, 255 E), °
4 5 HE (R AFY o' Ue A, 7l A

E, 59 AE), FH S HFFAA, FoE, FH, 25,
& 7)), A 4l HE (A, s s, A7 A

N7l Som 199 Wa 577} 8AZ ololA Sk
Poff et al. (2006)°= AA = YA T 77} HES AR
g AN A 5 e T2 At

AEAL 570 HE S Aldil4= (Voltinism)= 1W7He] Al
T2 25 F& 5o wat |3t (Merritt er al., 2008).
aeue, 3o et A9Ho R oy Fo] ety
= she) old A9 tae BEGIA dehhe 308 A
g5tqict A2 ol e AFAHQ AFEEEA, A%
OFA} % devl (Fast seasonal) A4Z 029 AAlo] &
oA E 3= qhof o]Fo|X= AL Yu|siH YAHLo =2
At SH ol BN AAste Fole Bol YEhd
t}. dev2 (Slow seasonaly= AJF2 29| Aol © AHo]
Ao 9FAJo] Hl= AL 9u|ska, dev3 (Non-seasonal)&
kRt AEAL SA7F B2 Zo] U= 2S¢
u] &t} (Hynes, 1970). 3+ 5 A]A (Synchronization of
emergence)> St AFHU oA FAlo] S35t 7|7t
9] Zol& T3t} 459 49 (Adult life span)o] YrHZ]
02 1~4FeE AFE UE S E (Huryn et al., 2008) A
5 71Zko] 454 ool wje- %2 ﬂ(llfe1)0§ Eil=y
olFold 21 A(life3)o2 FEsIh EE2F 4
2 (Adult ability to exit)}> Z0] & AdFHS &% a]' Sl
£ Yo, FE F7|ESE st gAdY RO g
B7] 98 HA] EE50 R Eo7te dF IR FoA U
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ehat
BAM 7P B & %37 43 olFHoR
It $39) ol BAL ofddt B8l o) R of

% (Occurrence in drift)dt= R1E 2, sFFoA A= #
E=7F Qi (drf) o2 dojubeA] B RIEE doju=
A (drft3)ol] w2t YAl "ot 59 olsAdS A
At (Female dlspersal)OE e Iy A olF AFYE Ug

Wk A%9 U= 3 (Adult flying strength)S 2H-& v}t

A= o|AWA Rk BF(flgthet e ol At 4+
(flg2)E YrojZoh o 7]& A= (Maximum crawling
rate)l_ ol 7} AlIZtF E cm o) E3=XE A3 Ay}

of wrat yebd FAolth =352 (Swimming ability)-2
Hde o +dsde ol +Fsdo] AU (swiml)

r{mr

ol -

. IO|Al . H
= - =

R

=2 L (swim3), &F3t F - (swim2)2 YF+3ic)

o
gyl 5744 FPe me

ol A A9 FH&

Uelye 1% 5 (Respiration) oo ujo] A =
dAOA "7 E st o] Ffole 2 UEue= 3
2

A& AEstTt o B =27](Size at maturity)=
of tigk 471 A MAAQ RS 7Aste] S uhetolA
ZAHE Ak ARESHA

Aejoll A 47FA] A Fol F57 (Rheophily)Z F3F
ELE oFZ0] HAA] 44 UElUE A2 2 rheol (Depo-
&0l =AY gl ASE Teta,

sitional only)<

[¢]
rheo2 (Depositional and erosional)+= F<0] =2 AL} wh
2 X = 2o ANT + A& 29E Yehith heod
(Erosionah & §40] WAL 9uet 3 9E Witk @

A% = (Thermal preference)= 424X 9] &= & Tdl= A
oz Ags] d7E AE7L gl Afe AT FY A Al
A E2 EA tiet JEE Sl Ed71F, 2H71F,
J7|1$=2 E75t 2 HeEhich

FAE o] &3 BHL fRE fuzzy coding (Chevenet et
al., 2006)2.2 ¥3ksto] ARESIT} Fuzzy coding 3
o] Al wet 2AE Dt AR 03T 32 @l
S)-NCHE =2 &z 32& 77 = 283t o
2 2 AT = F 7HA o2 Poff et al. (2006)°] ©
o shbe) Aeuke ebhs W2y Fe 0, H2 AHedt
Aok A, FH 2o IY Yusk B3| gRolot.
AXY B FEAFETE=Y BF Aol=, 75w, A4
71l e FE7F tREe| FEAL o] F Aol Het
AEE )9 Zt} ER L, Poff et al. (2006)0] ©=2H H&2
g HolEE ol&ste F& £ (classification)st 2 uf

T3 FEEH7] w2l F- 3t FEIF {iA
U ERER At 23004 gE2A et B9)=
ASg(NA) 22 A5k

TR AFE F4, /WA, Biological Monitoring Working
Party index (BMWP) (Paisley et al., 2014), Shannon
diversity index (H') (Shannon, 1948), EPTS] H|-& (%EPT)
2 A}E3519 T BMWPE AAA dRd=EE9 3}
@9jol el ool et UFES olgato] £AL 24
She Aol o] A4k BREs He BRERY
2 BRI 1~108] B5E Holalo] AHUR W5
AL B3 Zlo] AMAETDH B o= R 21
‘biotic’ 9| 7] A] (Briers, 2016)5 ©|&3}o AASIHth
Shannon ThOFE A\t A7) £ 3 ARl Gt & F

O

_\9_\9
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Table 1. Description of the biological traits and trait modalities (modified from Poff et al. (2006).

Trait Code Trait modalities
voll Semivoltine (<1 generation per year)
Voltinism vol2 Univoltine (1 generation per year)
vol3 Bi- or multivoltine (> 1 generation per year)
devl Fast seasonal
Development dev2 Slow seasonal
dev3 Non-seasonal
Life history o ) synl Poorly synchronized (wk)
Synchronization of emergence syn2 Well synchronized (d)
lifel Very short (<1 wk)
Adult life span life2 Short (< 1 mo)
life3 Long (>1 mo)
exitl Absent (not including emergence)
Adult ability to exit .
exit2 Present
) displ Low (< 1 km flight before laying eggs)
Female dispersal disp2 High (> 1 km flight before laying eggs)
) flgtl Weak (e.g., cannot fly into light breeze)
Adult flying strength flgt2 Strong
drftl Rare (catastrophic only)
Occurrence in drift drft2 Common (typically observed)
Mobility drft3 Abundant (dominant in drift samples)
crwll Very low (< 10cm hh
Maximum crawling rate crwl2 Low (<100cmh™)
crwl3 High (>100cmh™)
swiml None
Swimming ability swim2 Weak
swim3 Strong
atchl None (free-ranging)
Attachment atch2 Some (sessile, sedentary)
atch3 Both
armrl None (soft-bodied forms)
Armoring armr2 Poor (heavily sclerotized)
armr3 Good (e.g., some cased caddisflies)
shpel Streamlined (flat, fusiform)
Morphology Shape shpe2 Not streamlined (cylindrical, round, or bluff)
respl Tegument
Respiration resp2 Gills
resp3 Plastron, spiracle (aerial)
sizel Small (<9 mm)
Size at maturity size2 Medium (9~16 mm)
size3 Large (> 16 mm)
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Table 1. Continued.
Trait Code Trait modalities
rheol Depositional only
Rheophily rheo2 Depositional and erosional
rheo3 Erosional
therl Cold stenothermal or cool eurythermal
Thermal preference ther2 Cool/warm eurythermal
ther3 ‘Warm eurythermal
habil Burrow
habi2 Climb
Ecology )
) habi3 Sprawl
Habitat habi4 Cling
habi5 Swim
habi6 Skate
tropl Collector-gatherer
trop2 Collector-filterer
Trophic habitat trop3 Herbivore (scraper, piercer, and shedder)
trop4 Predator (piercer and engulfer)
trop5 Shredder (detritivore)
of A vER FF7t FUIAY 27 U eral, 2018). 212y BEY A7 F¢ FRic g2 AH
grol Z71ath aHBE A Yol & Fwol ZARES el 2ATH: Fo I A5 T e A4S
75 Aol 00laL, A #5322 A= FEvex 7]52Ql &3t oA Al £29 45=S
o] Z7k5t Btk Shannon TH¥E A5k R Z2age]  Ushlk goz ANSE EXE & F e At H

‘vegan’ ¥ 7] A] (Oksanen et al., 2011)E ©]-&3} AASIR
ok %EPT= A1F W EPT 7HAI] &2 AA & N4+
2 Yo] 100& F3t gholth.

7% ThH8Al
evenness (FEve) (Villeger et al., 2008), functional dispersion
(FDis) (Laliberté and Legendre, 2010), Rao’s quadratic
entropy (RaoQ) (Botta-Dukdt, 2005)& AME-3l¥ T X4 7H
o] o= AREEAl FUAT &7 Ffe] wE WIS
gAst7] sl 24 7HA Bt - A5 (CWM) (Garnier
et al., 2004)5 AME3HATE CWME A3t B E R|¢E= 7|
SAQA 7 HollA Z Foll AAQl AAE] vleo] 7t
FA 2 R o] A= AT

FRic= gRbA oz A W EAst= 9 71538
32t WA ZAste vl&S Uetdn. sEFoes
convex hull 7]'g (Cornwell et al., 2006)S 7|Hto 2 3}o
@(X]@ Y A5l ZE $)EY A8 convex A|E

£ A4sHA "ok aEg v S 7 Fol
2 EAsts AHS A2 FRic & 2ola & FE&

7H Fo] 2 EA5t= AML =2 S Btk (Legras

4= functional richness (FRic)2} functional

27t 53 Aol Zo] WAFHA o= A2 E T8k minimum
spanning tree (MST)E F3l AAFETH MTSE F517] 9{3)
$A F 7k AZo] ATt H= partial weighted evenness
(PEW)E T3k 714 & #5528 2 3¢ BE PEW
L 1/(S—1)°] "}, FEveS k= A1 ofdigh 2t

$-1 1y 1
=t min (PEW, 5—7) 5=
1

S—-1

FEve =

1-—

© AR F Aol a, PEWS 159 $EA0E 757
H #5% grolth FEve 2 03} 1 Alo]] gto 2 HAE
W B3 ol A $o) HE AR} wlo] 9T, hE AL
ZUsHA x50 Y= %F FEve g2 s €.
FDist= A|H W EAjste FE5Y 4%k (centroid; ¢)it
T Y] AYE AR foem U2 RY dupt T
At (divergence) = l=%| & YEU=XA] FDiv (functional
divergence) g1} G-AFSICH(Swenson, 2014). 2 QoA =
JE28 2FZ oA AALE R E3}= FDiv )4l FDisE A}
&3I3ith FDis= $° 93 U4 &3 AY 4 W



Hol 93] AAFE 4= 9lth(Anderson et al., 2006). 59
THE 42 S99 AL B oS3 Zrt

_ XX
‘T Yq
aEjFe F FH=o|, X jFY 3 U YAE Y
Ehdith S 3 & 23 FI3 19 AYE AL
3HA =Y A2 o33 2o ou, 7= o F i A
22 vrehic.
.4z
FDis = Zaj

RaoQE ¥ & 79 HIGALES AL P OoR A
"oz Ade £ A 2o F#AUE ARUh RaoQ
of AR e ofefet 2.

S5-1 S

RaOQ= Z Z dl.]PLP}

i=1 j=i+1

dye= AR $3 1A F 749 B|fAEC| L, P} P
AdstA AHE i, AR AAE YeEbdoh Q= FDis¢k =
2 FO AHAH/AE Hol= AR EFHA Uth(Swenson,

CWMZ F9] Al ZMA+E 78k A Wl
A Fo) Fo] ebq BAMt CWME 4 7
Aol LAIE 24 Helld F2Y e S £4T 4 e
A 7152 & Uede A2z 48A Utk (Ricotta
and Moretti, 2011).

5. 84 24

i

T A FD 7+ v E s ®a 79| 4
= AASET 2ARA (1,124 %) & &F5HaL
AH 7He A+E Fsty] Y3l thAZAH =Y (NMDS)
(Legendre and Legendre, 2012)3 w3 &4 (cluster
analysis; CA (Dray and Legendre, 2008)2 AF8-3}ith.
CAE 24709 SHAAH(HA AT SHAR A =
A, A4, WA, 9 A7 F7HE o835t AR 7t
Euclidean distanceZ F3}3, Ward A2 (Ward, 1963)
ol gsto] A HE] BAAA SO TekA g
%At CAoll AH8-E A&+ NMDSo| FdatA 285 o
I53HE A-F2 NMDS Aol et A9 FAat
o] AIEE FEE T NMDS £4 v 2,
3RH e 2 AYhS Fasto] A1ZEke} djAof §-o|stm of
o 212 B Hee 2 9loh(Kruskal, 1964).

Ju fe
(H

e

7lsH oy 37

20118 A&t 15 7H9] SRS fo4 HABE
93l AH&E Kruskal-Wallis 7 (K-W)- PMCMR 7]
A] (Pohlert, 2014)E ©]&319 1, K-WollA FAH f2o4
o] Y= A% pgirmess 7] A] (Giraudoux, 2013)& AH&-3}
o] Dunn T3H| 274 (Dunn, 1964; Siegel and Castellan,
1988)2 A A5k

2 i,

1. FD2t 2EX|40] AmEA

A Abolo| A= F42¢t Shannon H¥E7F w2 A
BAAE Yo (r=0.82, p<0.001), 2542} BMWP A
g Zrol= Aol w4tk (r=0.81, p<0.001) (Fig. 1).
FD A4 Ztoll&= FDis®} RaoQ7} 7H4 AFratAl7} Ekch
(r=0.97, p<0.001). T X4} FD A4 Zholl= FRic7}
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Fig. 1. Scatter plot with correlation coefficients between species diversity and functional diversity. richness: species richness, abun: abun-
dance, Shannon: Shannon diversity index, %EPT: individual ratio of Ephemeroptera, Plecoptera and Trichoptera to total individual number,
BMWP: Biological Monitoring Working Party index, FRic: Functional richness, FEve: Functional evenness, FDis: Functional dispersion,

RaoQ: Rao’s quadratic entropy.
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Fig. 2. Cluster analysis of the sampling sites based on the similar-
ities of 24 environmental variables using Ward’s linkage methods
with Euclidean distance measure.
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Axis 2¢6] wEbAE 2F 63 59 A7t AH o Hol
A Exatgct. 15E 84 542 CA 23} (Figs. 2, 3)¢}
FAHA ol et £t 15 AfolE Bt 1F
1o] Ao} A ¥ 9| nHl&3 {93 A (p<0.001)
& BEQon OF 49 5E ZAR G 5 A9 ]
£0°] &3 BOD, TN, TP7} %2 32 B o} (Fig. 4).
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Fig. 3. Differences of environmental variables and biological indices at six different clusters defined in the cluster analysis. Error bar indi-
cates standard error. The letters (a~d) on the error bars present statistically significant differences (p <0.05) between the clusters based on

the Dunn’s multiple comparison tests after Kruskal-Wallis test.
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Fig. 4. Ordination of non-metric multidimensional scaling (NMDS) for the sampling sites (Stress value: 0.18). The same data used in the
cluster analysis were used. Environmental variables (a) and biological indices (b) were presented on the NMDS. CWM matrix of life history
(c), mobility (d), morphology (e) and ecology (f) categories in each cluster were visualized on the NMDS. ave.tem: average temperature;
ave.prep: average precipitation; EPTCO: Ephemeroptera, Plecoptera, Trichoptera, Coleoptera, Odonata. Acronyms of biological traits (c~f)

are given in Table 1.

7t REYE B (armr)E 1F 4, 59 A4l U
= 2717F T A (size)9F FEj7E FAF o] obd
< (shape2)= L& 29 HAAGE Egor, B2 {4
3l % (shape)= 1F 59 77t op7bu| 2 &
A (res2)= 1F 3, AT F (resl)
(res3)2 L& 4 TR0l =94t

el sigst= FE F 49 (theod), E7F F& 2
ol A2} (therml), 244 (tro3), fr+Foll ¥+ 77 (habid)
o AL IF 13 Aol =4t v =YY= F
g (trol), A2 = F2 (habi5), TAY & &&= 27|
A AT = e FE (therm2)2 IF 5904 2 3
Ut 7109 2 72 (habi2), 7]+= 72 (habi3), A4
(trod), Aol A Ast= EA (theol) 15 4, 59 717t
Pt 22 2 & A5 54 (therm3)2 15 2, A
A3t §49 R A4Ee A (theo2)2 15 34
wo| =t

&6, 37%

L

1. X2} FDL| At "7t

T3R5 FD 7holl AiA 23 FRice 49 53]

L o] AHAAE EHTH FRick HHE o2 7]
A T HollA Fo] AHX| k= HI&-S A4St
Aol = Are FeHfo A (FEF AR) ZARH U
of ZAlsh= FH 9 £& AXE QI 182 & FRice o
£ FDET F4949] #A A o 2 ABBAE E4H
t}. Petchey and Gaston (2002)°] W2H F4= F9] 3
o] TYH 4T RAHL (F o] Ho| o]&Y 7
<, TSt Hol] 37, FR{E | &%thH FDY w2 4
£ BolH 7|53l FtolA 2] FDE Ak gtk T8
vt gE o o FAE Bk & AFolA= FDis,
RaoQ7} &7} F7ksto] wet 571843l 2y Shannon T
FE Aokl BANA B 2 AABAE B

T3 A2t FDE 704 e et 153tE 2ARA
< Z Uy Folow nE IF 1,2, 3904 7t B2 3
< BAth(Fig. 3). 1= o) FHeA EFE 1552
Shannon = A0t 7H} =& A4S B, s
22 FRic, £, BMWP 0|3t 0|23t Adt= 7|29
2H Wslo] wet FHX| e FDE Hlwgh At Aot
20|17} Qlth. Vandewalle et al. (2010) A A4 g F
FEES ol gste] EXEZo} P Zpolof up
Simpson TFF &= X422} FDE PCAE B3l £43t5t

djo

I

fu 2 e



1 A% &7 el WE Aesd AuA

S5 ABBAZS 2Tt Charvet er al. (1998)2 74l
2, F A, A wet shE Y AdRet 5t =

oul 1 A% BFAR, F TH, §A &0

et al., 1998; Usseglio-Polatera et al., 2000b; Schmitz et al.,
2015). 28 2 dAFolM= A5} FD7F 87
o} f¢ =2 ATWAHS BAFTh ol o5 F2 2
Qlo] HEFAL Aol HAL HHo| AgaE F2
o 47} BE4S FDE $49 o TG 4DUAS =
o|7] wj&o]t} (Petchey and Gaston, 2002). & 2& o| &3t
SRR = Fa 60771 AHEEojoF gt (Sneath
and Sokal, 1973)= A77F JAA|RE ob2] FA 9 o I
H o234, AEAQ A+t Bk & dFelAe &
Ao A 1985 &3k 5770 FEE B 55 0833
ok 2E A7 2 @S 2 IF 1,2, 32 R0,
Aed, dedi7t 2 =4 Exsto] FEY e AR
7t EESE T2 2188T & 348 Byt 29
2 FYA%} FDYE o £3e 4

g2 4 otk BAE 2AY 27 B
Ut grRe S BRI 2AAES B

of wet 6709 IFOE FEECH o] wat ZYA
e B33 Aol E HYoh AAle & A sEFes
Hoks o) 43 532 HHe R & 4 gtk Aot
(Vandewalle et al., 2010). B=-°| FDis&} RaoQ= 7JA|4
2 7S Fol AAEU ole 2ol A4 FD
olle B4 A5 ST 24 wet 2 237 b=

2. YSCiAYat MelAH 2K 7ol 2

AETF 3 YA 3o dA= 32 BEx 5
Hof utgt A A2 4= St} Townsend and Hildrew (1994)=
A (A AR 8] B2 AQl aw), F7HA 0 A AR 9] o]F
ol et ALY EAS FESHAT A XA §A4S ARt
Al o]l =i Ao FAQl AAX| 9 AZE
o2 kol ¥ FA o r tfol & AA
T 7HE2 U] At A% 717

3

234, 0|54 59 3

T cry #

g AT Aol Hgstd e 2ok 1= £ A
ol ZFE IF 1~32 A A7} 1 ofstolH,
4% 71Zto] & & olfol L, ol o] LTt et
olF AL Worm (R 7= AE, 959, stFolEA
E e 58 4R AS5Y olsAY), T FAA (F-3}
sto] A&sH7| & skl AHEA A, FHAHC=Z= A5
Folu 1 FH = thgFet E4S A=t ol= ARHA
ool R, FHAQ trFol w2 AAA A UE
U= 32 SALE AP Y AEgE 71 AN A
Hr} o]} vt 2 =AISHA A 9] Hlgo] w4 YEhd IF
4~62 BEAL T A7t 24 o] AdolH, A& E7t
w231, A 7|17to] BA vebdth B3 o]l 5 =
(2 7l Ak, 7959, stRolsdn), # |
Uz Bz 9y Askes} vool fuEY 3
7H o= AIZHA thFAdol w1, F7HA A ol
2 AAZ A Yehts EHCR oF A5S

olu wE Ao g wst= IEH Y Mg 7HR|E=
Ao Az Hct ol2jdt FA EA4S TS AH
A 4] 712 s &t 4 A9 Hl&o] =4
Uehd OF 1~3 (%2 FD)olle 449 7)7to] 41, 22
o]/ FEE 7t o= MAZE AR A 2 o
2 4 =S At W2 TASHGY vge] & 1
$ 4~6(22 FD)OlE WE A4, B2 o|FAL 71 2
ol 9% 4o 3 AAZE AAsHA1e] HFsA o
H 9 4 Qe AZFE A|E3tth(Balvanera et al., 2006;
Mondy et al., 2016). 0|23t EAL WEF &4 F3 A
sho]l gt EAE wrdsl F= AR Bt 7 A9
2 BA | AhE Hot AFAH A7 Basit

oflh D

3.

[

78 gt

(]3]
Mifn
9

913t FDO| A 53

AG7HA e A A7 Bkl 2 238+ 2 T
FAE o] &3 o] AMEE Ith(Sponseller et al., 2001;
Culp ez al., 2011). 28 2 A 75 ok ¥4
o Z71SEA AEHA FAS AR Bl A
A7} wo] =3 5| At} (Usseglio-Polatera et al., 2000a,
2000b; Statzner et al., 2004). =32 FZALS o] &3+ W
o 3 740l BE We A9 719 vl B A
3} (Gayraud et al., 2003; Bonada et al., 2006; Brown et
al., 2018), et 7 2o IE Fd 45 & vE
W Zt}(Feld and Hering, 2007). £3t 2 g+9] EA o) w}a}
F3ie 4ol Aol wolvl, 54 WU Aolo] wet
e Al F= FFS B7F 5T = Ath(Doledec er al.,
2006; Statzner and Béche, 2010). & A4 FDL} #+3



42 20/g - XL - olchy -
A5g o] gate] 5 7+o] ulme} B4 Lo w2 xjo]2
Arlslgon, FDE AEA 7158 & Ads) 2o 1
& ou]ox] FDE |83 AeA A3 B7he 2=
of A% P& A7 ReHe Zo] ARgEte] M2 1
3 £ 4 ok o] FA-AXFE YA U FDE =& 72
ERIFe=N I ZAE SISt F]UH
Z7+9] 3 X Fol| A FDis7F Ao g &2
10.4)E HYoy £ (g E 1L gAY

ket g AHL 18 5o =3
q SAAATL IF 590 et 2R
< HAth ol o]F}eHelAte] wsto

7HA o] MAFl= Aoz =22 &

£ dFoAe oA 239 AESHA FAH 7154 o
ol-gste] A AR B AT AE AL
4319 o8 ¢8l 7154 ST 24 A
HEshe] 34 THjo] B2 AL BARAT. 7%
¥ #- A4 5 Shannon T =, 2429 {23t

HAow 7 Ao BF ohofRt 27 At what
tol & EAt B0l 7154 o A 7
2 48] ok webd SAEA A7
371l Friepdel 2A% 2HAS 9 AR A%
_,] HeA vhH o 2 AESHA Ao AT 7|54 ook
do] AHgE & & Aol ol Tl ~AHAY 7=
of 7S BT e B e 2T A A
A4 B7E R & g Aol

og
oX

N
e
oX, HJIO
mlo

O

o o)

_&:5 ﬁ gz o it
e >4‘ filo

g

mlm

E off 4A ox & >

¥ 2

U759 FDotel Auhed A7 FDE 2YAS F
Shannon ThFEel 743 =2 AL H AT ZAMR|A
£ 89 240 el o) 2§02 rolon, 25

o b FAY Aol wg ol et L2 e
8 12 479 Hgol B £8 £ Hoy nE
e 18 62 4ol BB Y3kt 24 Pl o
£ 2479 25 FUA4o DY Ay BHE A9
NMDSE A3t o™ 15 1~3°4 FEves A|<jet &
A B 28 09 SR4e I8 1l o
bol %, GEe®, ZEA o] Forov], 18 4, Sl
22, wyua o] FaslA tepdch 4Bt ¥
2% 1~3004 QA7) AT, o] FAo] e A
Hyow B AR defg & HAFn W
TqF 4~62 A7) B, o] F Aol 2 3 &Y

B 1 0 n>‘ i
rulo

il ox rlo 24 ﬂ.l>’

ol -

Ao 2@ WEE & glof /1%, FxA YBriepyol

d

= Uehgth B2 389 e gert w2 dHRe LT
O RIEZF w3 FHE R #E0 o HES T2
35 A o] weho] g3 o FsAY AT 4
Ne FH7, LA, A Z, & 59 55T FHE 2=t
BETF S A Uehdth & 58 F8 AA di3
HF3FE9 715 oL A AHA S

7|

=

28 Tolok weh B8 9U I8
98 AR SdA Ay Bl
$7 5 9 Aoltk

HU_%mﬁ

2o X -ln %
o 24 mu D

MR B9 (Asloysta thotaAY), A9 cadiet
3 upLE A7), o|thA (A Bltheta Hhata), olchy

(AB|thetm ot FaA (AFHIE B4, LA
FUTABLA ATAD, FUA (ATetm 34, 2
H (As|theta 34
MAPIGE AT 4A: g4, Feld, A 2oy
oth A, oIt e f, AREA: B, AR, olehA,
ofery, AmA: Bulg, 49, I, Uw 2 2 4
£ 2o, A3, olthA, olehd, Fedl, w4 f, Hal
Al H]—Oﬂkl

OlshtA & A7+ olsiBA Y FE A7} flsHth

HH| B dA3E FYSF Y AFIA] (NIER-2019-
04-02-050)} st=+d AT A 7HA| (NRF-2018R1A
6A1A03024314, NRF-2019R1H1A2080107 & NRF-2019
R1A2C1087099)2] AL gho} 3= lHct.

ApAF AR 9 2T A <A AR =
AR @Il okl 2AME S¥EtAl ATAREA
A=y,

REFERENCES

Anderson, M.J., K.E. Ellingsen and B.H. McArdle. 2006. Multi-
variate dispersion as a measure of beta diversity. Ecology
Letters 9: 683-693.

Authro. 2006. A Database of Lotic Invertebrate Traits for North
America: U.S. Geological Survey Data Series 187, http://
pubs.water.usgs.gov/ds187.

Balvanera, P., A.B. Pfisterer, N. Buchmann, J.S. He, T. Na-



kashizuka, D. Raffaelli and B. Schmid. 2006. Quantifying
the evidence for biodiversity effects on ecosystem function-
ing and services. Ecology Letters 9: 1146-1156.

Bauernfeind, E. and T. Soldan. 2012. The Mayflies of Europe
(Ephemeroptera). Brill, Leiden.

Bonada, N., N. Prat, V.H. Resh and B. Statzner. 2006. Develop-
ments in aquatic insect biomonitoring: a comparative anal-
ysis of recent approaches. Annual Review of Entomology
51: 495-523.

Botta-Dukdt, Z. 2005. Rads quadratic entropy as a measure of
functional diversity based on multiple traits. Journal of
Vegetation Science 16: 533-540.

Bremner, J., S.I. Rogers and C.L.J. Frid. 2006. Methods for de-
scribing ecological functioning of marine benthic assem-
blages using biological traits analysis (BTA). Ecological
Indicators 6: 609-622.

Briers, R. 2016. Biotic: Calculation of Freshwater Biotic Indices.
R package version 0.1.2. https://github.com/robbriers/biot-
ic.

Brown, L.E., K. Khamis, M. Wilkes, P. Blaen, J.E. Brittain, J.L.
Carrivick, S. Fell, N. Friberg, L. Fiireder, G.M. Gislason,
S. Hainie, D.M. Hannah, W.H.M. James, V. Lencioni, J.S.
Olafsson, C.T. Robinson, S.J. Saltveit, C. Thompson and
A.M. Milner. 2018. Functional diversity and community
assembly of river invertebrates show globally consistent
responses to decreasing glacier cover. Nature Ecology &
Evolution 2: 325-333.

Canessa, R., A. Saldafia, R.S. Rios and E. Gianoli. 2018. Func-
tional trait variation predicts distribution of alien plant
species across the light gradient in a temperate rainforest.
Perspectives in Plant Ecology, Evolution and Systematics
32: 49-55.

Chapin, E.S., E.S. Zavaleta, V.T. Eviner, R.L. Naylor, PM. Vi-
tousek, H.L. Reynolds, D.U. Hooper, S. Lavorel, O.E. Sala,
S.E. BHobbie, M.C. Mack and S. Diaz. 2000. Consequenc-
es of changing biodiversity. Nature 405: 234-242.

Charvet, S., A. Kosmala and B. Statzner. 1998. Biomonitoring
through biological traits of benthic macroinvertebrates: per-
spectives for a general tool in stream management. Archiv
fiir Hydrobiologie 142: 415-432.

Chevenet, F., S. Dolédec and D. Chessel. 2006. A fuzzy coding
approach for the analysis of long-term ecological data.
Freshwater Biology 31: 295-309.

Cornwell, W.K., D.W. Schwilk and D.D. Ackerly. 2006. A trait-
based test for habitat filtering: convex hull volume. Ecology
87: 1465-1471.

Covich, A., M. Austen, F. Baerlocher, E. Chauvet, B. Cardinale,
C. Biles, P. Inchausti, O. Dangles, M. Solan, M. Gessner, B.
Statzner and B. Moss. 2004. The role of biodiversity in the
functioning of freshwater and marine benthic ecosystems.
Bioscience 54: 767-775.

Culp, J.M., D.G. Armanini, M.J. Dunbar, J.M. Orlofske, N.L.
Poff, A.L. Pollard, A.G. Yates and G.C. Hose. 2011. Incor-

T cry 43

porating traits in aquatic biomonitoring to enhance causal
diagnosis and prediction. Integrated Environmental As-
sessment and Management 7: 187-197.

Diaz, S. and M. Cabido. 2001. Vive la différence: plant functional
diversity matters to ecosystem processes. Trends in Ecolo-
gy & Evolution 16: 646-655.

Dolédec, S., J.M. Olivier and B. Statzner. 2000. Accurate descrip-
tion of the abundance of taxa and their biological traits in
stream invertebrate communities: effects of taxonomic and
spatial resolution. Archiv fiir Hydrobiologie 148: 25-43.

Doledec, S., N. Phillips, M. Scarsbrook, R.H. Riley and C.R.
Townsend. 2006. Comparison of structural and functional
approaches to determining landuse effects on grassland
stream invertebrate communities. Journal of the North
American Benthological Society 25: 44-60.

Dolédec, S. and B. Statzner. 2008. Invertebrate traits for the bio-
monitoring of large European rivers: an assessment of spe-
cific types of human impact. Freshwater Biology 53: 617-
634.

Dray, S. and P. Legendre. 2008. Testing the species traits-envi-
ronment relationships: the fourth-corner problem revisited.
Ecology 89: 3400-3412.

Dudgeon, D. 1999. Tropical Asian Streams: Zoobenthos, Ecology
and Conservation (Vol. 1). Hong Kong University Press.

Dunn, O.J. 1964. Multiple comparisons using rank sums. Techno-
metrics 6: 241-252.

Edmunds, G.F,, S.L. Jensen and L. Berner. 1976. The Mayflies of
North and Central America. University of Minnesota Press.

Feld, C.K. and D. Hering. 2007. Community structure or func-
tion: effects of environmental stress on benthic macroinver-
tebrates at different spatial scales. Freshwater Biology 52:
1380-1399.

Feld, C.K., F. de Bello and S. Dolédec. 2014. Biodiversity of
traits and species both show weak responses to hydromor-
phological alteration in lowland river macroinvertebrates.
Freshwater Biology 59: 233-248.

Garnier, E., J. Cortez, G. Billes, M.-L. Navas, C. Roumet, M.
Debussche, G. Laurent, A. Blanchard, D. Aubry, A. Bell-
mann, C. Neill and J.-P. Toussaint. 2004. Plant functional
markers capture ecosystem properties during secondary
succession. Ecology 85: 2630-2637.

Garrido, J., J.C. Benetti and A.P. Bilbao. 2011. Identification
Guide of Freshwater Macroinvertebrates of Spain. Springer
Dordrecht.

Gayraud, S., B. Statzner, P. Bady, A. Haybachp, F. Scholl, P.
Ussegio-Polatera and M. Bacchi. 2003. Invertebrate traits
for the biomonitoring of large European rivers: an initial
assessment of alternative metrics. Freshwater Biology 48:
2045-2064.

Giller, P.S., P. Giller and B. Malmgqvist. 1998. The Biology of
Streams and Rivers. Oxford University Press, Oxford.
Giraudoux, P. 2013. Pgirmess: data analysis in ecology. R pack-

age version 1.5.



a4 20|% - XIHS - 0lth - olcke -

Hooper, D.U., ES. Chapin, J.J. Ewel, A. Hector, P. Inchausti, S.
Lavorel, J.H. Lawton, D.M. Lodge, M. Loreau, S. Naeem,
B. Schmid, H. Setala, A.J. Symstad, J. Vandermeer and D.A.
Wardle. 2005. Effects of biodiversity on ecosystem fucn-
tioning: a consequensus of current knowledge. Ecological
Monographs 75: 3-35.

Huryn, A.D., J.B. Wallace and N.H. Anderson. 2008. Habitat life
history, secondary production, and behavioral adaptations
of aquatic insects. 3nd edition, In: Merritt, R.W., K.W.
Cummins and M.B. Berg (eds.), An Introduction to the
Aquatic Insects of North America. 4th ed. Kendall/Hunt
Publishing Company, Dubuque, lowa, pp. 55-103.

Hynes, H.B.N. 1970. The Ecology of Running Waters. Liverpool
University Press, Liverpool.

IPCC. 2014. Climate Change 2014: Synthesis Report. Contribu-
tion of Working Groups I, II and III to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change
[Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.)].
IPCC, Geneva, Switzerland.

Jun, Y.-C., N.-Y. Kim, S.-H. Kim, Y.-S. Park, D.-S. Kong and S.-J.
Hwang. 2016. Spatial distribution of benthic macroinverte-
brate assemblages in relation to environmental variables in
Korean nationwide streams. Water 8: 27.

Jung, K. 2007. Odonata of Korea. 1064 Studio.

Jung, K. 2011. Odonata larvae of Korea. Nature and Ecology,
Seoul.

Kim, M.C,, S.P. Chon and J.K. Lee. 2013. Invertebrates in Korean
Freshwater Ecosystems. Geobook, Seoul.

Kruskal, J.B. 1964. Nonmetric multidimensional scaling: a nu-
merical method. Psychometrika 29: 115-129.

Kwak, L.-S., D.-S. Lee, C. Hong and Y.-S. Park. 2018. Distribu-
tion patterns of benthic macroinvertebrates in streams of
Korea. Korean Journal of Ecology and Environment 51:
60-70.

Kwon, S.J., Y.C. Chon and J.H. Park. 2013. Benthic Macroinver-
tebrates. Nature and Ecology, Seoul.

Laliberté, E. and P. Legendre. 2010. A distance-based framework
for measuring functional diversity from multiple traits.
Ecology 91: 299-305.

Lavorel, S., J. Storkey, R.D. Bardgett, F. de Bello, M.P. Berg, X.
Le Roux, M. Moretti, C. Mulder, R.J. Pakeman, S. Diaz
and R. Harrington. 2013. A novel framework for linking
functional diversity of plants with other trophic levels for
the quantification of ecosystem services. Journal of Vegeta-
tion Science 24: 942-948.

Lee, D.-Y., M.-J. Bae, Y.-S. Kwon, C.-W. Park, H.M. Yang, Y.
Shin, T.-S. Kwon and Y.-S. Park. 2018a. Characteristics
of spatiotemporal patterns in benthic macroinvertebrate
communities in two adjacent headwater streams. Korean
Journal of Ecology and Environment 51: 192-203.

Lee, D.Y., D.S. Lee, M.J. Bae, S.J. Hwang, S.Y. Noh, J.S. Moon
and Y.S. Park. 2018b. Distribution patterns of odonate as-
semblages in relation to environmental variables in streams

HAT - NS - ZOIM - Hry

of South Korea. Insects 9.

Legendre, P. and L. Legendre. 2012. Numerical Ecology, 3rd ed.
Elsevier, Amsterdam.

Legras, G., N. Loiseau and J.C. Gaertner. 2018. Functional rich-
ness: Overview of indices and underlying concepts. Acta
Oecologica 87: 34-44.

Lenat, D.R. 1988. Water quality assessment of streams using a
qualitative collection method for benthic macroinverte-
brates. Journal of the North American Benthological Soci-
ety 7:222-233.

Menezes, S., D.J. Baird and A.M.V.M. Soares. 2010. Beyond
taxonomy: a review of macroinvertebrate trait-based com-
munity descriptors as tools for freshwater biomonitoring.
Journal of Applied Ecology 47: T11-719.

Merritt, R.W., K.W. Cummins and M.B. Berg. 2008. An Intro-
duction to the Aquatic Insects of North America, 4th ed.
Kendall Hunt Publishing, Dubuque, Iowa.

Ministry of Environment / National Institute of Environmental
Research, 2008. The Survey and Evaluation of Aquatic
Ecosystem Health in Korea. The Ministry of Environment/
National Institute of Environmental Research, Incheon,
Korea (in Korean with English summary).

Mondy, C.P,, I. Mufioz and S. Dolédec. 2016. Life-history strate-
gies constrain invertebrate community tolerance to multiple
stressors: A case study in the Ebro basin. Science of The
Total Environment 572: 196-206.

Oksanen, J., E.G. Blanchet, R. Kindt, P. Legendre, R.B. O’Hara, S.
Gavin, P. Solymos, M.H.H. Stevens and H. Wagner. 2011.
vegan: Community Ecology Package. R package version 1:
17-10.

Paisley, M.F., D.J. Trigg and W.J. Walley. 2014. Revision of the
Biological Monitoring Working Party (BMWP) score
system: derivation of present-only and abundance-related
scores from field data. River Research and Applications 30:
887-904.

Pease, A.A., J.M. Taylor, K.O. Winemiller and R.S. King. 2015.
Ecoregional, catchment, and reach-scale environmental
factors shape functional-trait structure of stream fish as-
semblages. Hydrobiologia 753: 265-283.

Petchey, O.L. and K.J. Gaston. 2002. Functional diversity (FD),
species richness and community composition. Ecology Let-
ters 5: 10.

Poff, N.L., J.D. Olden, N.K.M. Vieira, D.S. Finn, M.P. Simmons
and B.C. Kondratieff. 2006. Functional trait niches of
North American lotic insects: traits-based ecological appli-
cations in light of phylogenetic relationships. Journal of the
North American Benthological Society 25: 730-755.

Pohlert, T. 2014. The Pairwise Multiple Comparison of Mean
Ranks Package (PMCMR). R package. http://CRAN.
R-project.org/package=PMCMR.

Pont, D., B. Hugueny, U. Beier, D. Goffaux, A. Melcher, R. No-
ble, C. Rogers, N. Roset and S. Schmutz. 2006. Assessing
river biotic condition at a continental scale: a European



approach using functional metrics and fish assemblages.
Journal of Applied Ecology 43: 70-80.

R Core Team. 2017. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vien-
na, Austria. URL https://www.R-project.org/.

Resh, VH., A.G. Hildrew, B. Statzner and C.R. Townsend. 1994.
Theoretical habitat templets, species traits, and species
richness: a synthesis of long-term ecological research on
the Upper Rhone River in the context of concurrently de-
veloped ecological theory. Freshwater Biology 31: 539-
554.

Ricotta, C. and M. Moretti. 2011. CWM and Rao’s quadratic di-
versity: a unified framework for functional ecology. Oeco-
logia 167: 181-188.

Schmitz, O.J. 2010. Resolving Ecosystem Complexity (MPB-47).
Princeton University Press, Princeton, New Jersey.

Schmitz, O.J., R.W. Buchkowski, K.T. Burghardt and C.M.
Donihue. 2015. Chapter Ten - Functional Traits and
Trait-Mediated Interactions: Connecting Community-Level
Interactions with Ecosystem Functioning, In: Pawar, S.,
Woodward, G., Dell, A.IL (eds.), Advances in Ecological
Research, vol. 52. Academic Press, Oxford, pp. 319-343.

Shannon, C.E. 1948. A mathematical theory of communication.
Bell System Technical Journal 27: 379-423 and 623-656.

Siegel, S. and N.J. Castellan. 1988. Nonparametric Statistics for
the Behavioral Sciences. McGraw-Hill, New York.

Sneath, PH.A. and R.R. Sokal. 1973. Numerical Taxonomy: The
Principles and Practice of Numerical Classification. W. H.
Freeman and Co., London.

Sponseller, R.A., E.F. Benfield and H.M. Valett. 2001. Relation-
ships between land use, spatial scale and stream macro-
invertebrate communities. Freshwater Biology 46: 1409-
1424.

Statzner, B. and L.A. Béche. 2010. Can biological invertebrate
traits resolve effects of multiple stressors on running water
ecosystems? Freshwater Biology 55: 80-119.

Statzner, B., B. Bis, S. Dolédec and P. Usseglio-Polatera. 2001.
Perspectives for biomonitoring at large spatial scales: a
unified measure for the functional composition of inverte-
brate communities in European running waters. Basic and
Applied Ecology 2: 73-85.

Statzner, B., K. Hoppenhaus, M.-F. Arens and P. Richoux. 1997.
Reproductive traits, habitat use and templet theory: a syn-
thesis of world-wide data on aquatic insects. Freshwater
Biology 38: 109-135.

Statzner, B., S. Dolédec and B. Hugueny. 2004. Biological trait
composition of European stream invertebrate communities:

T cry 45

assessing the effects of various trait filter types. Ecography
27: 470-488.

Swenson, N.G. 2014. Functional and Phylogenetic Ecology in R.
Springer, New York.

Thorp, J.H. and A.P. Covich. 2009. Ecology and Classification of
North American Freshwater Invertebrates. Academic Press,
San Diego.

Tilman, D. 2001. Functional diversity, Encyclopedia of Biodiver-
sity. Academic Press, pp. 109-121.

Townsend, C.R. and A.G. Hildrew. 1994. Species traits in relation
to a habitat templet for river systems. Freshwater Biology
31: 265-275.

Usseglio-Polatera, P., M. Bournaud, P. Richoux and H. Tachet.
2000a. Biological and ecological traits of benthic fresh-
water macroinvertebrates: relationships and definition of
groups with similar traits. Freshwater Biology 43: 175-205.

Usseglio-Polatera, P., M. Bournaud, P. Richoux and H. Tachet.
2000b. Biomonitoring through biological traits of benthic
macroinvertebrates: how to use species trait databases? Hy-
drobiologia 422/423: 153-162.

Vandewalle, M., F. de Bello, M.P. Berg, T. Bolger, S. Dolédec, F.
Dubs, C.K. Feld, R. Harrington, P.A. Harrison, S. Lavorel,
P.M. da Silva, M. Moretti, J. Niemeld, P. Santos, T. Sattler,
J.P. Sousa, M.T. Sykes, A.J. Vanbergen and B.A. Wood-
cock. 2010. Functional traits as indicators of biodiversity
response to land use changes across ecosystems and organ-
isms. Biodiversity and Conservation 19: 2921-2947.

Villeger, S., N.-W.H. Mason and D. Mouillot. 2008. New multi-
dimensional functional diversity indices for a multifaceted
framework in functional ecology. Ecology 89: 2290-2301.

VoB, K. and R.B. Schifer. 2017. Taxonomic and functional diver-
sity of stream invertebrates along an environmental stress
gradient. Ecological Indicators 81: 235-242.

Wang, W.J., H.S. He, ER. Thompson, M.A. Spetich and J.S. Fra-
ser. 2018. Effects of species biological traits and environ-
mental heterogeneity on simulated tree species distribution
shifts under climate change. Science of The Total Environ-
ment 634: 1214-1221.

Ward, J.H. 1963. Hierarchical grouping to optimize an objective
function. Journal of the American Statistical Association
58: 236-244.

Wichard, W., W. Arens and G. Eisenbeis. 2002. Biological Atlas
of Aquatic Insects. Apollo Books, Stenstrup, Denmark.

Wiggins, G.B. 2004. Caddisflies: the Underwater Architects. Uni-
versity of Toronto Press, Totonto.

Woon, D.H., S.J. Kwon and Y.C. Chon. 2005. Aquatic Insects of
Korea. Korea Ecosystem Service, Seoul.



