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Tab. 1 Functional traits, categories and scores of the benthic
macroinvertebrate in mesocosms
i) PEIR PR TR gwhY
Categories Traits Trait categories Score  Code
G Life  #AKBody size /NSmall 1 tl1
History (<9 mm)
FhZEMiddle 2 t12
(9—16 mm)
KLarge 3 t13
(>16 mm)
A% FAEAL 1 t21
Voltinism Univoltine
EZLXAV 2 122
Multivoltine
BIRRRE JERH 1 t31
Trophic groups Collector-filterer
(CF)
¥ 2 t32
Collector-
gatherer (CG)
il & # Scraper 3 t33
(HB)
W& # Shredder 4 t34
(SH)
{#i £ # Predator 5 t35
(PR)
FEH P8 7CF Burrower 1 t41

Primary habit  (BU)
#JE# Climber 2 t42

(CB)
) E# Sprawler 3 t43
(SP)
B3 # Clinger 4 t44
(CN)
WPk & Swimmer 5 t45
(SW)
TEARHIE 1A Body shape i £k % 1 t51
Morphological Hydrodynamic
traits JE i £ B Not 2 152
hydrodynamic
ShEREELORY A Soft 1 t61
PELER body
Exoskeleton or #2184k, 2 62
external Lightly protected
protectlon ,%L,H: Eﬁ}we“ 3 t63
protected
ARIE BOEIRE W& ¥4 Cold 1 t71
fh_ysmloglcal Thermal optima iR ) 72
raits .
Eurythermic
g HWarm 3 t73
IR 7 =2 % % Cutaneous 1 t81
Respiration 511 2 w2
K[ JStigma 3 183
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RBP4 ST, TR BOR & E R . IR R R B
(B 1d), & BBV ) /K A B H o B VG, A+
K, W ST . B E IR BL(E Te), E
B2 R R IONE FRAS INBE T v g i H A0 40 B 28
o5 ELE ), TS E H (Odonata) o FEEAIG

2.2 BHESHEMRIIN

1E 22 B2 5 T (B 2), A 38 B 6 2 =F BE (Abun-
dance)H & F 52 (R 3), BIFEIE Sk I B, M =F
FERR R BT, ME R R B, SR ET
o 4% AbHE X} A W) & (Biomass) ) A& R I H 22 10
BN HAEH

TEYIFR 22 FEPE T TH (B 2F0E 3), ARHR 3 E0ES:
kB B Fh 3w AR BU(SROM R 3F ET. E PR
IR 2R ORIV 2 3 52

TERGUKE Z AT (K 33 4), & F- A
FEUKE J5 W R E R E(Deltat) 235 LTt
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Tab. 2 List and dominance index of the benthic macroinvertebrate in mesocosms

2021 2022 2021 2022

PRt Species 48 sH 1A sH 1A PAF¥Species 47 sH 1A sH 1A
L& Barbronia weberi 0 0 & 7K WS J& Parapoynx sp. 0.005
Ji T & Glossiphonia complanata 0 WL Anax parthenope 0
i 5 T & Glossiphonia lata 0.045 0.229 0.001 0 YA 8 Ischnura sp. 0 0.013 0.003 0.020
75 IR BBI5| Branchiura sowerbyi 0.002 0.008 0.010 0.026 0.031|| JE#4 )& Paracercion sp. 0 0
K22 45| J& Limnodrilus sp. 0.137 0.009 0.158 0.253 0.089|| H R Orthetrum albistylum 0 0
BBl 22 U Nais inflata 0 B NG KW Orthetrum sabina 0
e B FDytiscidae 0 L W5k Pseudothemis zonata 0 0.006
“F B &l Hydrophilidae 0 || 7RIEJESympetrum sp. 0.014 0.016
1%l Ceratopogonidae 0 AT Ecnomus sp. 0.191 0.057 0.302 0.230
YE U Chironomus sp. 0.537 0.001 0.038 0.005 0.081|| B AT AittAnodonta angula 0
RIS Cryptochironomus sp. 0 JHAZ JE Pila sp. 0
X ¥R IJE Dicrotendipes sp. 0 0 0.001|| KR Pomacea canaliculata
W I8 Endochironomus sp. 0 PSR MR Bellamya aeruginosa 0.004 0.022 0.004 0
R 2 450 Glyptotendipes sp. 0.009 0.001 0.120 0.001 0.072| | i3 ¥z 48 Bellamya angularia 0.002 0
W PRI 8 Harnischia sp. 0 0 || MIEH AR ¥R Bellamya dispiralis 0 0
FURE BT Parachironomus sp. 0.003 0.001 0.008 0 BT IR MW Bellamya purificata 0.003 0.038 0.001 0.001 0
P T B2 50U Paratanytarsus sp. 0 T AW MR Bellamya quadrata 0 0 0
% LR IUR Polypedilum sp. ~ 0.1440.003 0 0.080 0.113|| #7582 NERadix plicatula 0 0
K HH 2 I & Tanytarsus sp. 0 WA 2 R Radix swinhoei 0 0.006 0.086 0.036 0.043
TFARIUE Ablabesmyia sp.  0.001 0.004 0.025 RIGEHESR Physa acuta 0 0 0001
A BB ISLE Procladius sp. 0.003 A BEYE Gyraulus albus 0 0
TR IE 42 I50& Rheopelopia sp. 2R 115 J 2 Hippeutis cantori 0 0.001
KL FRISUE Tanypus sp. 0 0 KIGF I s W2 Hippeutis umbilicalis 0 0.0010.007 0.005 0.002
SRR Acricotopus sp. 0.009 0 || FERZIKREPolypylis hemisphaerula 0
R R $RWUE Cricotopus sp. 0 0.014 0.002 PV IE R Assiminea sp. 0 0.003
IKFENL )& Hydrobaenus sp. 0 'K %3 /N YR Paludinella stricta 0
IR L@ Psectrocladius sp. 0 K A& Alocinma longicornis 0.009 0.001
VU5 7 J&B Baetis sp. 0 7R S & Bithynia fuchsiana 0.002 0.001 0 0
—{MEF J& Cloeon sp. 0 W& = 4R Bithynia misella 0.001
VU5 % J& Nigrobaetis sp. 0 0 KIBWRParafossarulus eximius 0
48T & Caenis sp. 0 SURWR Parafossarulus striatulus 0.002 0 0.001
A1 [ J& Paraplea sp. 0 0 Y88 Valvata sp. 0
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Fig. 1 Average proportions of relative taxa abundance during the experimental period for benthic macroinvertebrates
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a—e sequentially represent the initial stage, the early pulse stage, the continuous pulse stage, the early recovery stage, and the late recovery

stage of the experiment; C. control; N. nutrient loading; I. insecticide; W. warming
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Fig. 2 The abundance, biomass, and species diversity of benthic
macroinvertebrate at different stages of the experiment
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Time sequentially represents the initial stage, the early pulse stage,
the continuous pulse stage, the early recovery stage, and the late
recovery stage of the experiment; the same applies below
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548 20 (RaoQ)TE ik b F- R B i 25 B, H A2 48
Jik i B b S5 38 . E T RETU A E (FRed) 75 THI,
B AL FRANAE R S By BORG IR 2H 2 (R A7 AE B 25 22 5,
Forp AR IR AR BRI 5 Bk IR BEFRed i 12
= L7t

= YR ) R 25 58 EAE R AR BILAE T R
FEVE (R 5). PR H AR B, AR B F1E 7 s Inont
A B $EFFFRed 1 808 49 ) 7= A 1 S8 2 W IR0
MY 5 25 F5 BUAE . Bb Ak, 78 Rk 5 3 B B, AR
B A HFVFE FRRINK =& L H 2 BAEH B %
$EFFFRic, HTE WS J5 B B 2 3 F5 K FEve, &
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2.3 ZHMIEHZ BB XM ST

SRR, RS TR (1 SRATFRic AR 28 PR+
W 5535 IEAH R &R, SRTEVK & Jo HARY BOF HoAth ) 1
BE 2 ¥ 1% 1E [ 48 #5 (FEve. RaoQ)tH £ i 3 1E A
Ko HSRE RGK B ZFMEFR R R B2
KYEE 5—7). REKE 21N E, Lambda+Fl
Delta+f £ (R 47 ) 2 35 1) 51AH OG0 R, SEEGWI AR P
B A M B i (= —0.92; 8 5). ThHAE RN N 5,
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Tab. 3 The significance test P-value of abundance, biomass and species diversity
w N AbF Treatment
Z 4 Parameter i ] Time W N h WN Wil NI WAl
= % Abundance Apr. 2021 0.578 0.888 0914 0.712 0.631 0.156 0.818
May 2021 0.801 0.260 0.159 0.810 0.066 0.123 0.993
Nov. 2021 0.001 7 0.522 0.133 0.317 0.153 0.826 0.757
May 2022 0.049 | 0.476 0.134 0.985 0.919 0.693 0.817
Nov. 2022 0914 0.399 0.459 0.494 0.965 0.871 0.888
¥ fEBiomass Apr. 2021 0.450 0.977 0.205 0.563 0.633 0.287 0.771
May 2021 0.391 0.501 0.133 0.662 0.396 0.533 0.852
Nov. 2021 0.194 0.641 0.481 0.066 0.810 0.754 0.699
May 2022 0.249 0.475 0.113 0.725 0.430 0.530 0.287
Nov. 2022 0.635 0.290 0.265 0.410 0.571 0.603 0.631
YIFh = E B 6 #Species Richness Index ~ Apr. 2021 0.419 0.536  0.531 0.135 0315  0.493 0.147
May 2021 0.325 0.092 0.876 0.260 0.107 0.569 0.331
Nov. 2021 0.009 1 0.658 0.701 0.743 0.254 0.782 0.483
May 2022 0.081 0.394 0.918 0.955 0.959 0.429 0.099
Nov. 2022 0.101 0.080 0.320 0.184 0.916 0.419 0.196

A BEN(P<0.05) AR B 7 S 7 B 1R T ) 2808 () B AR ) 2K082(]); NLCE IR, Lo 370, W AR, T IR

Note: Significant effects (P<0.05) are shown in bold; arrows indicate the positive (1) or negative (|) effects of the factors; N. nutrient

loading, I. insecticide, W. warming; the same applies below
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Tab. 4 The significance test P-value of phylogenetic diversity
Z ¥ Parameter B /8] Time MEF Treatment
\ N I WxN WxI NxI WxNXI
oy 5 Rfa$lambdat Apr. 2021 0.782 0.257 0.708 0.547 0.605 0.82 0.408
May 2021 0.727 0.356 0.655 0.487 0.583 0.224 0.298
Nov. 2021 0.350 0.941 0.508 0.645 0.117 0.315 0.815
May 2022 0.264 0.254 0.962 0.097 0.789 0.788 0.149
Nov. 2022 0.629 0.094 0.714 0.463 0.687 0.562 0.472
P53 22 R H Delta+ Apr. 2021 0.968 0.448 0.878 0.411 0.412 0.912 0.730
May 2021 0.832 0.919 0.354 0.838 0.184 0.213 0.170
Nov. 2021 0.872 0.389 0.261 0.690 0.388 0.084 0.913
May 2022 0.514 0.276 0.021 | 0.188 0.596 0.230 0.130
Nov. 2022 0.308 0.014 1 0.078 0.580 0.738 0.763 0.563
B %} 824 Control BRI NZH Nutrient loading Ja MY B e A i 2 o S S Deltatfe i B 2& F I

B3 2% UFIRLFL A Insecticide
PR B Ambient temperature
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Fig. 4 The functional diversity indices of benthic macroinverte-
brate at different stages of the experiment
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Tab. 5 The significance test P-value of functional diversity

N Qb ¥ Treatment
Z ¥ Parameter i (8] Time
W N I WxN WxI NxI WxNxI
e d = EFRic Apr. 2021 0.962 0.703 0.943 0.677 0.138 0.536 0.554
May 2021 0.134 0.059 0.553 0.248 0.468 0.538 0.027 1
Nov. 2021 0.003 1 0.924 0.163 0.421 0.081 0.261 0.480
May 2022 0.007 1 0.120 0.240 0.615 0.688 0.728 0.442
Nov. 2022 0.298 0.644 0.412 0.172 0.912 0.499 0.443
TRE38 5 FEFEve Apr. 2021 0.442 0.511 0.924 0.171 0.090 0.308 0.169
May 2021 0.823 0.180 0.032 | 0.708 0.331 0.874 0.946
Nov. 2021 0.692 0.917 0.002 1 0.875 0.267 0.299 0.654
May 2022 0.773 0.200 0.589 0.758 0.073 0.151 0.248
Nov. 2022 0.668 0.058 0.098 0.085 0.311 0.319 0.008 |
Rao X6 %(RaoQ Apr. 2021 0.526 0.888 0.819 0.601 0.394 0.540 0.728
May 2021 0.602 0.097 0.050 | 0.074 0.741 0.199 0.437
Nov. 2021 0.203 0.627 0.008 1 0.548 0.188 0.844 0914
May 2022 0.948 0.391 0.059 0.345 0.069 0.189 0.375
Nov. 2022 0.063 0.181 0.059 0.234 0.444 0.412 0.043 |
IHREITTU 4 FRed Apr. 2021 0.739 0.431 0.736 0.354 0.049 | 0.125 0.995
May 2021 0.248 0.121 0.063 0.904 0.149 0.622 0.988
Nov. 2021 0.346 0.158 0.251 0.620 0.087 0.944 0.857
May 2022 0.001 1 0.371 0.008 1 0.514 0.017 1 0.008 | 0.298
Nov. 2022 0.400 0.535 0.665 0.764 0.504 0.873 0.015 1
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Fig. 5 The correlations of benthic macroinvertebrate diversity indices at the initial stage of the experiment
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Fig. 6 The correlations of benthic macroinvertebrate diversity indices at the continuous pulse stage
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MULTIDIMENSIONAL DIVERSITY OF FRESHWATER BENTHIC MACROIN-
VERTEBRATE UNDER MULTIPLE ENVIRONMENTAL STRESSORS

HUANG Jin-He', DU Cheng-Hao', ZHOU Jun-Bo', LI Qing', ZHANG Pei-Yu’, XU Jun’ and ZHANG Min'

(1. Hubei Provincial Engineering Laboratory for Pond Aquaculture, Engineering Research Center of Green Development for
Conventional Aquatic Biological Industry in the Yangtze River Economic Belt, College of Fisheries, Huazhong Agricultural
University, Wuhan 430070, China; 2. Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, China)

Abstract: To investigate the impacts of common stressors, including climate warming, water body eutrophication, and
pesticide pollution, on the diversity of freshwater benthic macroinvertebrates, this study simulated a freshwater ecosys-
tem under multiple environmental stressors using a mesocosm system. The diversity and correlation among different
diversity indices of benthic macroinvertebrates were analyzed at different stages of continuous pulse and restoration.
Results showed that warming significantly increased species diversity and functional richness index (FRic) of benthic
macroinvertebrate (P<0.01); however, this positive effect disappeared with prolonged warming. Nutrient loading
exerted no direct significant effect on diversity but had a positive lasting effect on the average taxonomic distinctness
index (Delta+) (P<0.05). The insecticide (imidacloprid) pulse mainly affected functional diversity, with a negative
effect at the early pulse stage (P<0.05), followed by a positive effect at the continuous pulse stage (P<0.01), though no
long-term effects were observed at the late recovery stage. The combined effects of the three stressors resulted in last-
ing declines in key functional diversity indices (P<0.05). Correlation analysis showed significant positive relationship
between species diversity and functional diversity (P<0.05). Partial indices of phylogenetic diversity and functional
diversity also exhibited significant correlations at different experimental stages (P<0.05). The correlation strength of
functional diversity indices gradually increased with the progress of the experiment. These findings highlight that long-
term warming exacerbates the negative impacts of anthropogenic stressors on freshwater ecosystem functions. Func-
tional diversity demonstrated higher responsiveness to environmental stressors, whereas phylogenetic diversity better
reflected community recovery from pulse stressors. This suggests that evaluating artificial interventions in freshwater
ecosystems requires integrating multidimensional diversity assessments to enhance accuracy and reliability. In
summary, this study reveals the dynamic responses of multidimensional diversity in freshwater benthic macroinverte-
brates under multiple environmental stressors, providing new insights for comprehensive diversity assessments under
long-term environmental stressors.

Key words: Multiple stressors; Benthic macroinvertebrate; Recovery; Species diversity; Phylogenetic diversity; Func-
tional diversity
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