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摘　 要： 洞庭湖是我国第二大淡水湖泊，其水文条件对湖泊湿地生态系统健康的维系发挥着不可替代的作用． 近年来，水
环境恶化日益威胁湖区水生态系统健康． 然而，有关底栖动物水生态健康评价的研究仍然停留在物种群落结构方面，缺
乏底栖动物群落功能对水污染响应的研究，尤其在较长时间尺度上． 因而，本研究分析了 １９８８ ２０１６ 年近 ３０ ａ 来洞庭湖

的水质和底栖动物群落数据，探寻底栖动物群落功能对水环境恶化的响应规律． 结果表明，洞庭湖水体总氮浓度是威胁

底栖动物物种和功能群落变动的主要因素． 此外，不断恶化的水环境驱动底栖动物物种和功能群落结构改变，表现为敏

感水生昆虫的比例下降，寡毛类、小型软体动物比例的上升，并伴随着体长为 １．００～ １．９９ ｃｍ、背扁型、侧扁型、不移动等功

能性状类别比例的下降． 同时，水环境恶化降低物种丰富度、功能丰富度和劳氏二次熵多样性． 基于距离的冗余分析结果

显示，水体氮营养盐、重金属离子和有机污染物共同驱动底栖动物物种群落结构的变异，而营养盐类与无 ／ 有机污染物决

定着其功能群落结构的变异． 鉴于洞庭湖水质不断恶化的状况，本研究建议采取一系列措施，包括合理管控湖区周边废

水直排入湖、取缔湖区内的非法采砂以及调控枯水季洞庭湖水位等． 生物监测和评价方面，建议将底栖动物物种和功能

群落一并纳入评价体系，且优先选用物种丰富度、功能丰富度和劳氏二次熵指数评估换水周期较短的大型浅水湖泊水质

变化对底栖动物物种和功能多样性的影响．
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Ĝ $Gg

�lÚ��3Ê�¿�

+//,

1

�

!""Y

B;/Î�Ù%i;I�.HÒ¿Hé

5�;¯Ù%«�#ö÷I¯°

1

HÒ¿H,W^�mWû

!

}õà

$

¢à�àeÆ

#

SXHÒ%I#�

ûÎ�

"

U#HÒ%I#Ù�w+b%¨I@

$

AîQ&Ê�

+/Y,

1

 v

"

1z

#XX"9

I#rö÷¯°¸[@

^D¾¿H,Ãp

"

vG4OD¾¿HÄåÎ#O*.�IöÆ

1

Av

"

g¢D¾¿H_Ë±åË�;I#

rö÷¯°

"

y^2ÁÂbÎ�Ùð¼H33O��~ÙÈö\I°H

1

Fß

#X)) #XX*

B¦Ã

"#XX/ !"#Y

BÎ�Ùð¼H3ÙÈ�@^µI¶·

1

y'(öÆ��4#�

�IÄX'(ÄÙ

+/$X,

"

U�aFW#2éÈOÙI|¿�þÿ

"

��!��o�|�OOÙIRñ

1

#�

!I��3,WSXðW%

%&

Ê�

!

}@

$

AÂ��;#��Ò

#

�µ&66

!

}

NF

�

V9#

[ö÷W¿.

�

+/+,

"

�;FWO

!

}XÖeS

!<&+,&(.)40)09>1#$

?@

!G45&A&,$ 9>1#

�O}

!8-*1*6$01&,9>1##

I|¿�O

ÙIþÿ

"

yvMµð¼H3I3OÙÈö\

+P"/",

1

~Ö

"

� y'({|@øOì�#®¡I#�HX¦

Ã

"

s®lÄX'(UÎ

"

ªz�=@øOì�#Ú¦�#=Î�Ù#¨Yì"&

"

ñ¦O�#¨~

!

Ì

w/Î�Ù%

#"

�;Mh~ÌçIð¼H3O���

+/*,

1

~Ö

"

HÒ¿HU#Ùù#Ù

"

SX#�ûÎ�

"

¯°Ùùðrö\�îQ¤¥

"

yvABð¼H3I2`

+/Y,

1

#�ûÎ�ISXÔ/2$/I"*.�~

Ì

"

åËÁÂð¼H3IPð��=.�§À

++,

1

~Ö

"

HÒ�;I#Ù�ðrö\°µ

"

¯°jÙô�T

×I3µö÷

"

Ú¦FW#2éÈ¼ÝJI|¿

"

yv�;FW#2éÈOÙIª�±"&

+/Y,

1

ð¼H3

3OÙÈ!g¢×l�ª�~6¤3OI|¿

"

y^2��að¼H3�~ÙÈö\I¯°

1

y'(Ò�

*

}êÔÎ�Ùð¼H3�~ÙÈö\��Î×��

1

�~ÙÈö\I¯°�ã��a�

*�

#1""_#1XX 7E$

ÅM3

$

óM3

$

ohH

$

ühH~Ì

$

Ø7/

$

?v/��=/�~6¤.IRS

"

��

�*�

*1""_P1XX 7E$

�*

|Y1"" 7E$

s;3

$

çhH~Ì

$

{½/�Ê=/�~6¤.I¿�

1

y'(öÆ

l'z^¢�zäåß¡IÄX'(

+#X$!""/)$P#,

"

g¢'(Ò�ð¼H3ÙÈ!&}�

$

ühH~Ì���f

[�~6¤¦.ñb�Àü�²ýU#

1

D>

"

ay'(!Jlg¢6¤��I3O�ãGXÖeS

$

?

@

$

O}�Ç{[FW3O

"

vEÄ¡z|��Iö««�Tå:[3OI�*

!

`O�*

#

_&

"

2f+Ô

_�

+!#"!*"!P"*#,

"

Ãpg^öÆ�>®'(`a��

1

wT

"

Î�Ù+ÙE,I#���l'z[,+Ùô

!

}\Ù�ê5

#"

®ÑI#�\±F�¥;#�!@

$

A�H¢l6��3

!

}

V9

�

Q4

Y

o

#"

�Î�Ù«�

#r7�a! ÂîQ¤X±!���¤X

+*$P,

1

g�Ãp

#XX/ !""P

B�

!""Y !"#Y

B�}êå¹#r

I°µ¸GABE!

$

o|�Ñ·3O

!

}ë>�ö««[

#

I2`

"

�;g�}¸¹ð¼H3Ñ·O¾o

ézo���I[,+Ùô

!

}75¾�ÑFÑ·¾Ù

#

+P",

"

qr*Î�Ù� �`O�I�3

!#$A4,*1+.$ 9>1#$

�3

!'*.&-$)$ 9>1#$

�3

!>+-&*40)09>1#

[O3��H3

+P!,

1

~Ö

"

a�}êÔ!���I

#�!

"

O}�

$

*�fI��H3�75¾Ä¡&}�

$

��fIFW#2éÈ�&3Ñ�¾F~Jl¡

üIOå#e~Ì

"

g�Ú¦jy'(�>®'(öÆIoé

1

y'(Ø×á

"

24�~6¤¾'F#r°

HÂ�oFW

!

}2f+Ô

#1

D>

"

�z�~_ç&£

"

é^�~¾'!|¿3OI�~F��Nç3O,

í±

"

�;g¢6¤¾'F#r°µoFW

+P*,

1

wT

"

Jlg¢�~6¤I.�|�O¾ytÅ��!�

��I#�

"

qr�FWO¾ßÞSX!È�

+P" #",

1

#��SXð¼H3I3OÁÂ�

$

�~ÁÂ��

M83b9f

456¨¦

1

O�'(UÎ

"

#��G�;



!!)00 !"#$%&'()"!

!"#$

"#!"!##!!!#"

�r#�ð¼H33O��~456|¿I9ãÐAÏ^

+/"/)$/X"P/,

1

y'(�¿Ä'(öÆÄÙ

"#XX/

!""P

B�

!""Y !"#Y

B�}¸¹ð¼H3I3OÁÂ�

$

�~ÁÂ��

M83b9f

¨¦��×ØRSI¶

·

1

 v

"\;8@@3@

�

\=E>93@

¨¦FÙ%îQ3���3IÂ�oFW

1

gGA�

(

D>

"

É"zÎ�ÙI

+ÙE,6

"

¡�I#�§ÊêåF�ÇÔ#r´µ¤¥

+*,

1

wT

"

E,#�2X�Ä!3OÙÈ�456

I���ãíVz7·§�

!E8996AA67:#

+P",

1

A�®ÑI#WF�}+b%¨ð¼H3I¦�±É��÷

rÙ%�0

"

yvÐÑ��ª#r´µ,�;Iä{2X�

1

`¡

"

Ùôð¼H33OÙÈö\l'zw�

1#�Ä

"

}75¾

$

<�¾���H3,PGÙô2X�Ä!IÑ·¾Ù

+P"X,

"

v5�k

$

?@k���k

I#2éÈ,Pa�W2X�Ä!ÈÃÑ·

+/)"P/,

1

gUÎÙô2X�Ä!FWOIßÞãÚXz|�OI

ßÞ

"

qrFWOI|¿OO�|�Ñ·O3O¦�w�I¿�,Kk

1

g�Å�;Px3O456¨¦

¡ÛH6E��3I*Ô8ì§�

1

Äh

"

�zð¼H34O�~6¤

!

23&�2X&

#

I�~456¨

¦F#��I*Ô8ì§���¡üIFW6

1

y'(

5-M%V

]3,¼�IX¶ö÷A°Fð¼H33O��~ÙÈö\°�IÔ;À_X

"

� 

l

)"!_)+!

IAÏ¸G�Î

1

D>

"

Õ#��

$

�.HÒ�+ÙX�¯°ÁÂAÏÏÖ

"

Ù%�êÌòÝ�

�«3�¥òó�GÁÂð¼H33O��~ÙÈ°HI�ãAÏ

+P!,

1

wT

"

ñÚ.�Wû�OåÄå.

�,Pa+ÙE,#�!F3O��~ÙÈ\K�456��;b[P9ãI.�

+P",

1

� 

"

g¢X¶.

�Fð¼H33O��~ÙÈI\K;bA¢9ãI.�

"

sGaGÖøù;<!�Û�µg¢X¶.�

IÁÂ

1

éêªz�·ÐA

"

y'(:�¡§

"

±U6oÊ

"

A~aGCIH6!�U#5:¦

"

�vë�

J±UÎ�Ùð¼H3I¤¥

1

9>8

��¤"$no0jJK

Î�Ù#2X¤¥Ì

*" 8

«��bo ÿµIWû

"

g^WûoO@Nz_¥°}³ AÏIÁÂ

"

v¹@4OD¾¿H�ÀIÁÂ

+#,

1

Av

"

Ksl§I23ÁJ\»F%&Á^Î�Ù#2Xgh¤¥J

lA¢9ãIM¯

1

y'(öÆ×á

"

Î�Ù«�#rö÷a

*" 8

å��b�

#X)) #XX*

BIX���^

#XX/ !"#Y

BI!� 9����°IWû

1

� ¯ÙôI+ÙE,6F�a^jû�¿dÇ#r´µI

yû

"

sHoHíl§I# 

"

0¢Ù%Ç#%¨

!

}/Î�Ù

#

}Y/�Ò��#�IÒÓ

+/$P"),

1

Avy'

(Kä

(##

Î�Ù+bÄX0õÚ¬¼ùÙ%+b9O���

"

Ú¬{�+bN\·.

$

øAJ#I�V

'

!#

í²Ù%�I[»HÒ

"

%&KjHÒ%

"

¸¹Ú¬<ZaÙ%�õÒ�¢Ò��HÒ�¥�÷Ò�¥

J#aÙ%�_Ë�V

'*#

a�#=ø�@øOì�#

"

��Î�Ù³ I#���

1

~Ö

"

'(ØUÎð

¼H33O��~ÙÈö\I°HF���J¨áÙ%�#r°H¤¥

1

Av

"

./KäaGCÎ�ÙÙ

%#2XghH6!

"

}ð¼H33O��~ÙÈö\éê~Î23ÁJ��!

1

`¡

"

y'(Ø×á

GM=7$2M=7

�

M83b9f

¨¦F#r°µ`�FW

1

Av

"

KäaGCÁ^±#+Ô¡�IO3§#Ùô#r

°µFð¼H33O��~456IÁÂêÑ>��g

*

}¨¦

1

:

LMNO

+ # ,0e8@F\d" %3? N\ 6591M6734593AQ;=@696D8I691S6=[=@F( \7=6@76g4699" #XX)1+

è�d

"

��t

1

!"Ùôâ

1

��

(

%&©3Ï

" #XX)1,

+ ! ,0H=? L" ;̀3? QN" e8@FQ\ &1$.1'99?698@5 9?FF69:=3@93@ :;673@9:4?7:=3@ 3A:;6L8@F:J6M=<64673@3E=7-6D:13,*6,&00

)- B&*6,$45:" !"#P" !#!###( #*/P$#*PP1+

$V

"

+¦�

"

èpÁ[

1

*+�Î×KLIH�tu�Kä

1

J�%

&yà

" !"#P" !#!###( #*/P$#*PP1,

+ * ,0H8=aR" R=8@FRN" N?8@Ff1g8::64@ 3A=E>3?@5E6@:6AA67:98@5 =@AD?6@7=@FE67;8@=9E3AG;466c34F69g43[67:3@ C8:64

46F=E63AH8I6%3@F:=@F1!#$%&'()" !"#!" "#!!#( #+)$#)/1%&'( #"1#)*"+,!"#!1"!"!1+

´-)

"

þ#�

"

�Ù

1

@

øNû�#FÎ�Ù#:IÁÂ¬�w.�Ú/

1

Ùô%&

" !"#!" "#!!#( #+)$#)/1,

+ / ,0 ;̀8@FL" e8@FQd" \;=NN&1$.1d8743-6@:;=773EE?@=:.9?77699=3@ 5?4=@FD89::;=4:..6849=@ %3@F:=@FH8I61G(*.*6:

$-7 G-;),*-A&-1" !"#P" "#!)#( #*/)$#*P*1+

Þ�

"

è�Î

"

e8�[

1

Î�ÙÌ

*"

BO3ð¼H3IÙÈ�°

1

2Xö÷&S

" !"#P" "#!)#( #*/)$#*P*1,

+ P ,0e8@FQd" ;̀8@FL" \;=NN&1$.1d8743J33-6@:;=773EE?@=:.9:4?7:?468@5 -=3899699E6@:3AC8:64B?8D=:.=@ H8I6



DøJ+

$#X)) !"#Y

¤ÎÏ!á�òó01Éõ�ç&0±'å³

!!X00

%3@F:=@F" Q;=@81!#$%&'()" !"#Y" "$!!#( *XP$/"/1%&'( #"1#)*"+,!"#Y1"!!"1+

è�Î

"

Þ�

"

e8�[

1

Î�Ù

O3ð¼H3ÙÈö\�#rÁJ

1

Ùô%&

" !"#Y" "$!!#( *XP$/"/1,

+ Y ,0Q3<=7; Vg" g8DE64dV" Q43CDGV1G;643D63A-6@:;=7=@<64:6-48:69>67=69=@ A469;C8:646739.9:6E9( J33-6@:;=79>67=69

=@AD?6@766@64F.AD3C98@5 @?:4=6@:7.7D=@F1E)*'()&-(&" #XXX" #)!!#( ##X$#!+1%&'( #"1!*"+,#*#*P*+1

+ + ,0d6@FaH" R=8@Fad" H=̀2&1$.1M69>3@9693AE8743=@<64:6-48:698@5 D378D6@<=43@E6@::39;34:$:64E73EE647=8D98@5

5465F=@F>487:=769=@ 8AD335$>D8=@ D8I61'()&-(&*/15&=*1$.G-;),*-A&-1" !"#)" *!%,*!"( #*P"$#*PX1%&'( #"1#"#Y,[1

97=:3:6@<1!"#)1"*1")Y1

+ ) ,0%8=L̀ " G8@F\L" ;̀8@FRS1G;65=9:4=-?:=3@ 3AJ33-6@:;399>67=698@5 -=3$899699E6@:3AC8:64B?8D=:.=@ %3@F:=@FH8I61

8(1$ G(*.*6)($ ')-)($" !"""" "(!!#( !++$!)!1+

6í�

"

~@Q

"

ÞK�

1

Î�Ùð¼H3O¾¢��#r23&

ÁJ

1

2X&S

" !"""" "(!!#( !++$!)!1,

+ X ,0H? fc1]9=@F:;6E8743-6@:;=7A8?@8:3-=3$899699:;6C8:64B?8D=:.=@ :;6%3@F:=@FH8I61G-;),*-A&-1$.'()&-(&" #X)P"

*( PX$Y*1+

rü"

1

��ð¼H3IÙÈö\yzÎ�Ù#rI23&ÁJ

1

ö÷%&

" #X)P" *( PX$Y*1,

+#",0a=6̀ Q" ;̀8@FRf" Q;6@ R&1$.1\>87=8D5=9:4=-?:=3@8D>8::64@ 3AE8743J33-6@:;398@5 >3DD?:=3@ 6<8D?8:=3@ =@ T89:H8I6

%3@F:=@FM6964<61!#$%&'()" !""+" %)!*#( !)X$!X)1%&'( #"1#)*"+,!""+1"*#"1+

Yâà

"

Þ|�

"

5Ü[

1

/Î�

Ù78%O3ð¼H3äå¢�¬�#rÁJ

1

Ùô%&

" !""+" %)!*#( !)X$!X)1,

+##,0d8F?448@ VT651d689?4=@F-=3D3F=78D5=<649=:.1]h( SD87IC6DDg?-D=9;=@F" !""/1

+#!,0e8@FN" ;̀83LR" e8@Fa&1$.12D?7:?8:=3@9=@ Q5 46D6896A43E9?4A876$56>39=:65 965=E6@:=@ 84=<64$73@@67:65 D8I6A3D$

D3C=@F5465F=@F1!*+,-$.*/B&*(5&A)($.G24.*,$1)*-" !"#+" %'"( #)/$#X/1%&'( #"1#"#Y,[1F6K>D31!"#Y1##1""!1

+#*,0G;6\:8:6V5E=@=9:48:=3@ 3A23469:4.!G\V2# 651d8@F8F6E6@:>D8@ 3A:;6689:%3@F:=@FH8I6̂ 8:=3@8D̂ 8:?46M6964<61

S6=[=@F( Q;=@823469:4.g?-D=9;=@FN3?96" #XX+1+

!�Dd��"¼.0

1

/Î�"-ÿ³ 78%{�ÅK

1

�

�

(

!"¼.©3Ï

" #XX+1,

+#/,0 ;̀8@Fa" H=\Q" H=? LL1S=<8D<69=@ :;6%3@F:=@FH8I68@5 =:99?443?@5=@FC8:64918(1$ O**.*6)($ ')-)($" #XYP" %'!!#(

#X+$!"Y1+

Þ�

"

åÉ¦

"

$K�

1

Î�Ù�w+u#¨I��¾��H3

1

H3&S

" #XYP" %'!!#( #X+$!"Y1,

+#P,0S4=@I;?49:M&651VF?=56A34:;6=56@:=A=78:=3@ 3AS4=:=9; 8B?8:=7&D=F37;86:81G343@:3( \7=6@:=A=7g?-D=78:=3@" 2469;C8:64

S=3D3F=78DV9937=8:=3@" #X+#1

+#Y,0H=? LL" ;̀8@Fe "̀ e8@FLa65912469;C8:64d3DD?9781S6=[=@F( \7=6@76g4699" #X+X1+

$K�

"

Þ�¡

"

è]>[

1

1#��H3

1

��

(

%&©3Ï

" #X+X1,

+#+,0\898d" L89?@3d" ':3d&1$.1%\:?5=693@ 7;=43@3E=5 E=5F693A:;6G8E8M=<64g84:#1G;65=9:4=-?:=3@ 3A7;=43@3E=5

9>67=69=@ 8:4=-?:84.=@ 46D8:=3@ :3:;656F4663A>3DD?:=3@ C=:; 96C8F6C8:64& M696847; M6>34:A43E 8̂:=3@8D'@9:=:?:61G-@

;),*-A&-1$.'1+7)&0" #X)"" %!( #$)1

+#),0\898d1\:?5=693@ 7;=43@3E=5 E=5F69=@ D8I693A:;6̂ =II3̂ 8:=3@8Dg84I91g84:''1G8K3@3E=78D8@5 E34>;3D3F=78D9:?5=69

3@ :;67;=43@3E=5 9>67=6973DD67:65 A43ED8I69=@ :;6̂ =II3̂ 8:=3@8Dg84I1M69M6> '̂T\" #X)/" '(( #Y$!#P1

+#X,0N6=@3R" H3?;=g" d?3:I8G1'56@:=A.=@F:;6978D693A<84=8-=D=:.=@ 9:468EE8743=@<64:6-48:68-?@58@76" A?@7:=3@8D73E$

>39=:=3@ 8@5 8996E-D8F69:4?7:?461F,&05D$1&,E)*.*6:" !""/" #)! X#( #!*"$#!*X1%&'( #"1####,[1#*YP$!/!+1!""/1

"#!PX1K1

+!",0N6=@3R" G3D3@6@ hG1]@:8@FD=@F:;68996E-D.3AD=::348DE8743=@<64:6-48:673EE?@=:=69:;43?F; E689?4693AA?@7:=3@8D8@5

>;.D3F6@6:=78D>;85=<649=:.1F,&05D$1&,E)*.*6:" !"#+" *"!+#( ##Y)$##+X1%&'( #"1####,AC-1#!X*/1

+!#,0Q;6I8@3<9I8.8&W651VB?8:=7&D=F37;86:83A:;6]\\M1̂ 6CL34I( VE64=@5 g?-D=9;=@FQ&1gWG1HG%" #X)#1

+!!,0L8@FG65128?@8\=@=78'@<64:6-48:6V@@6D=58N=4?5=@681S6=[=@F( \7=6@76g4699" #XXY1+

"�

1

!"H3â

/

ö�H3

õ

/

so

1

��

(

%ô©3Ï

" #XXY1,

+!*,0L8@Fd\1G;69:?5.3@ :;6E8743J33-6@:;=773EE?@=:.9:4?7:?468@5 673D3F=78DA?@7:=3@ =@ \3?:; H8I6" e?;8@ +%=9964:8$

:=3@,1e?;8@( N?8J;3@FVF4=7?D:?46]@=<649=:." !""X1+

"Î2

1

>?ù*ÙO3ð¼H3ÙÈö\�2X�~I

'(

+

&�f�

,1

>?

(

�!-.O&

" !""X1,

+!/,0G=8@ R2" e6=f\1&@ F3@85 56<6D3>E6@:8@5 46>435?7:=3@ 7.7D63A:;6>,)01$,)$ 4.)($1$ =@ :;693?:; D8I63Ae?;8@1!*+,@

-$.*/Q+$C5*-6 86,)(+.1+,$.L-);&,0)1:" #XX*" %"!!#( #X"$#XY1+

Û¯\

"

¥"�

1

>?*Ù}~436æÒS�R

T+Ô

1

�!-.O&&S

" #XX*" %"!!#( #X"$#XY1,

+!P,0H=? LR1M693?47699:8:?98@5 46>435?7:=<6:48=:93AA469;C8:64S=<8D<69=@ :;6g3.8@FH8I6+%=9964:8:=3@,1̂ 8@7;8@F( 8̂@$

7;8@F]@=<649=:." !"")1+

$U+

1

ú\Ù1#��¾Iôõ¤¥�Ñ·ORT�6

+

&�f�

,1

*�

(

*�O



!*"00 !"#$%&'()"!

!"#$

"#!"!##!!!#"

&

" !"")1,

+!Y,0d3496RQ" L8@FH" G=8@ Ha6591VB?8:=7=@967:93AQ;=@8?96A?DA34E3@=:34=@FC8:64B?8D=:.1̂ 8@F[=@F( N3;8=]@=<649=:.

g4699" #XX/1

+!+,0e8@FRQ" e8@FaN6591G;67;=43@3E=5 D84<8=@ @34:;64@ Q;=@81S6=[=@F( Q;=@8L8@9;=g4699" !"##1+

èâà

"

è&�

1

!"�\<�©È

1

��

(

!"å;©3Ï

" !"##1,
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