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Figure 1: Size distribution of 286 adult male (black) and 286 adult female (grey) S. incana. 
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Figure 2: Adult female S. incana standing with cephalothorax tilted, the right palp in the neutral position and the 

left palp slightly lowered. 
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Figure 3: Adult male S. incana standing with retracted palps. 

 

 

 

Figure 4: An unreceptive adult female in a retreat in nature. The female’s body is raised, her palps are 

downwards and her legs are semi-erect in position 3. A courting male is behind the curvature of the 

bark.  Photograph taken from above, tree trunk is at the top of the photograph, the base of the female’s 

retreat is on the bark. 
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Figure 5: Adult male above the retreat of a subadult female in nature. The female is visible inside the retreat. 
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Figure 6: Nest of an adult female S. incana in nature, between the bark and trunk of a eucalyptus tree. 
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Figure 7: Mounting sequence of S. incana. Receptive female with lowered body is on the left. Starting with 

body in the neutral position and Legs I in semi-erect position 3, the male approaches the female, 

extending Legs I forward into position 1 while raising the body. 
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Figure 8: Subadult female S. incana with raised body, hunched legs and abdomen lowered. 
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Figure 9: The adult female Servaea incana on the right is fending off an adult male that is attempting to mount. 

The male’s body is raised and palps and Legs I are extended forwards. The female’s cephalothorax is 

tilted upwards with chelicerae open and fangs extended. The female has raised her first two pairs of 

legs to prevent the male from mounting.  
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Figure 10: Adult male S. incana posturing with raised body, downwards lateral palps and legs in semi-erect 

position 3. 
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Figure 11: A pair of adult male Servaea incana embracing. 
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Figure 12: An adult female Servaea incana steps out of the entrance to her retreat in response to a courting male 

in the foreground of the image. The female’s palps are held in the downwards erect position. 
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Figure 13: Adult male Servaea incana displaying towards a subadult female (out of frame). Legs I are in semi-

erect position 2 and palps are in the downwards lateral position. 
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Figure 14: Two adult male Servaea incana during an interaction. The male on the left is in a hunched posture, 

with lowered abdomen and hunched Legs I. The male on the right has Legs I semi-erect in position 3. 

 

 
Figure 15: A pair of Servaea incana copulating, the male is facing towards the camera, while the female is 

facing away. The male has just disengaged his left palp from the female’s left genital opening and is 

holding the female’s rotated abdomen with his left Leg I. 
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Table 3. Number of palp applications, duration of palp applications and total duration of copulations in the open, 

at retreats and with cohabiting pairs soon after females matured. 
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&1(+'/!.-.6!%()4!&7'!012./13&!%'4.3'?!F+%(':1'+&365!012./13&!%'4.3'0!71+97'/!.+/!

 
In the open At retreats Cohabiting pairs 

Number of copulations 10 13 4 

Number of palp applications    

 Maximum 3 6 2 

 Minimum 1 1 2 

 Median 2 2 2 

Palp application duration    

 Maximum 20 min 45 s 39 min 49 s 15 min 41 s 

 Minimum 4 min 48 s 4 min 23 s 6 min 15 s 

 Median 8 min 20 s 11 min 5 s 7 min 46 s 

Copulation duration  
 

 

 Maximum 38 min 23 s 54 min 59 s 28 min 50 s 

 Minimum 7 min 4 s 9 min 28 s 12 min 41 s 

 Median 19 min 4 s 22 min 10 s 15 min 36 s 
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Table 4. Observed prey items of S. incana 

ORDER TOTAL 

Hymenoptera 37 

Ant 33 

Wasp 4 

Hemiptera 13 

Cicadellidae 11 

Pentatomidae 2 

Araneae 10 

Salticidae 3 

Thomisidae 2 

Sparassidae  1 

Theridiidae 1 

Unknown 3 

Diptera 7 

Coleoptera 4 

Elateridae 3 

Weevil 1 

Unknown 1 

Neuroptera 1 
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Figure 16: Larva of the mantispid Spaminta minjerribae on the ventral surface of an adult male Servaea incana. 

The anterior end of the larva is positioned near the spider’s pedicel, and the larva’s body extending 

over the spider’s left book lung. 
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Figure 17: This subadult S. incana has been parasitised by a pompilid wasp, of the genus Epipompilus, but 

remains active. The larva is attached to the right side of the spider’s abdomen. 
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Figure 1. Relative abundance of each sex and age category of Servaea incana jumping spiders over the year 

from December 2010 to December 2011 
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Figure 2. Absolute abundance of each sex and age category of Servaea incana jumping spiders over the year 

from December 2010 to December 2011. 
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Figure 3. Sex ratio (proportion of males) of adult Servaea incana jumping spiders over the year from December 

2010 to December 2011. 
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Figure 4. Size of adult females from December 2010 to December 2011 (X ± SD). There were no significant 

changes in adult female size over the year (ANOVA: F17,265 = 1.569 P < 0.0722). 
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Figure 5. Size of adult males from December 2010 to December 2011 (X ± SD: points without error bars 

represent single individuals). Male size varied through the year (ANOVA: F16,178 = 2.531, P = 

0.0016). 
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Figure 6. Size of subadult females from December 2010 to December 2011 (X ± SD; points without error bars 

represent single individuals). Subadult female size varied over the year (ANOVA: F16,90 = 1.758, P = 

0.0499). 

 

 

 
Figure 7. Size of subadult males from December 2010 to December 2011 (X ± SD; points without error bars 

represent single individuals). Subadult male size varied throughout the year (ANOVA: F15,38 = 2.418, 

P = 0.0141). 
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D.2E&64!'')!*"+K)!T6>.O0/./064!67!%.18&!.4=!Q3<84018!78%.18&B!.!-;8<.184/!%./045!/.2/02!

67!&-0=8;&)!D!?./!U0&/)(LMB**"@C*L*M)!

D.2E&64!''I!U.11.&!,R)!*"+K)!T6%-.;./0<8!O06165:!67!!*,-#.(./,#0.+.1(!2(.34#5.+.1(!2(

/#54,#.-.1(!2(3.4#.-.1(.+$(!2('"&3-6#1!.;.486->.502I!P8OSO301=045!Q3%-045!&-0=8;&!

H(;.48.8B!,.1/020=.8JB!3/010&./064!67!P8O&I!-;8=./6;:!<8;&./010/:I!.4=!04/;.&-820702!

04/8;.2/064&)!?8P!V8.1!D!V661!*@B#L@C#+")!

D6>4&64!DT)!LMMA)!T6>.O0/./064!67!Q3<84018!78%.18&!P0/>!%./3;8!%.18&!-;6%6/8&!&893.1!

2.440O.10&%!04!70&>045!&-0=8;&)!W8>.<!R261)!*KBLK"CLF@)!

X.&3%6<02!YYI!W;328!YDI!U8;O8;&/804!YRI!(4=;.=8!YTW)!LMMF)!'0&E:!%./8!&8.;2>!.4=!

%./8!-;878;8428!04!/>8!561=84!6;OSP8O!&-0=8;!H78%"#3.(%3&5#%8'J)!W8>.<!R261)!

*+B*+"C*"A)!

X.&3%6<02I!Y)!Y)I!Y.&64I!()!T)I!(4=;.=8I!Y)!T)!W)!Z!R10.&I![)!\)!LM**)!N>8!;81./0<8!

0%-6;/.428!67!'U]!.4=!;8&63;28!^3.10/:!04!264/8&/&!P0/>!6P48;&>0-!.&:%%8/;08&)!

W8>.<!R261)!LLB@"S#A)!

G8<:!_)!*"FM)!N>8!1078!2:218!67!9"*5#'&'(*+&'-&'!HN>6%0&0=.8B!(;.48.8J!.4=!63/1048&!76;!

/>8!21.&&0702./064!67!/>8!1078!>0&/6;08&!67!&-0=8;&)!D!V661)!*KMBAL@CA@K)!



!

! "#!

$%&'%&()!**+!,-'./!01+!234-5!61!78891!:/;3%'!</'/=>-(5!?(@!-5=@/%</.!A%'/!4(.B!<-C/!%5.!

D@(>%5.@B!-5!%!<D-./@1!*5-A!,/E%)1!FGHI89IJI89G1!

$%<3A(>(!01!I""91!$%'/!/A/@K/5=/!>-A-5K!%5.!A%>-5K!<3==/<<!-5!>E/!?355/'LM/4!<D-./@+!

!"#$#%&'$()*&+&!N*@%5/%/H!*K/'/5-.%/O1!P=('!Q/<1!"HI#"JIF#1!

$%<3A(>(!01!I"""1!:-C/!%<<(@>%>-)/!A%>-5K!%5.!@/D@(.3=>-)/!<3==/<<!(?!>E/!?355/'LM/4!

<D-./@+!!"#$#%&'$()*&+&!N*@%5/%/R!*K/'/5-.%/O1!S!T5</=>!,/E%)!I7HU#ULUFI1!

$=V-5'/B!QW+!X@/5>/@!S+!0%B'(@!XY1!78IU1!YE('/L(@K%5-<A!D/@?(@A%5=/!-5!%!Z3AD-5K!

<D-./@+!,#-.&#&'(%/&%&!N*@%5/%/H!:%'>-=-.%/OH!2-5&<!M->E!A(@DE('(KB!%5.!4/>M//5!

D/@?(@A%5=/!>@%-><1!,-(!S!2-55!:(=1!II8HF99JF#[1!!

$-B%<E->%!01!I""U1!$%'/LA%'/!=(AD/>->-(5!%5.!A%>-5K!<3==/<<!-5!>E/!(@4LM/4!<D-./@+!

0#12($&'/$&.&+&+!M->E!@/?/@/5=/!>(!>/AD(@%'!?%=>(@<1!P=('!Q/<1!GH"UJI871!!

$-B%>%&/!0+!\E%DA%5!0+!X%@>@-.K/!21!I"""1!$%>-5KL-5.3=/.!-5E-4->-(5!(?!@/A%>-5K!-5!

?/A%'/!$/.->/@@%5/%5!?@3->!?'-/<!3#-&+(+(4'/&1(+&+&1!S!T5</=>!XEB<-('1!9#HI87IJI87G1!

$(@4/B!6P1!78IU1!X@(>%5.@B+!</;3%'!<-C/!.-A(@DE-<A+!%5.!%.%D>-)/!K@(M>E1!S!0E/(@!,-('1!

UU"H"UJ""1!!

$(@4/B!6P+!6./54/@K!Q\1!788I1!X@(>%5.@(3<!%@@-)%'!>-A-5K!>(!4@//.-5K!%@/%<H!%!@/)-/M1!

P=('!2/>>1!9HFFUJF[U1!!

$3@@%B!*L$!]!\%./!YW1!I""#1!^-??/@/5=/<!-5!%K/!<>@3=>3@/!%A(5K!?-/'.!=@-=&/>!

D(D3'%>-(5<!N_@>E(D>/@%R!V@B''-.%/OH!X(<<-4'/!-5?'3/5=/!(?!%!</;L4-%</.!D%@%<->(-.1!

\%5!S!`(('1![UHI78[JI7IU1!!

X@aE'!W+!,/@&/!_1!788I1!:D%>-%'!.-<>@-43>-(5<!(?!A%'/!%5.!?/A%'/!<>@%M4/@@B!D(-<(5!?@(K<!

%5.!>E/-@!@/'%>-(5!>(!?/A%'/!@/D@(.3=>-)/!@/<(3@=/<1!_/=('(K-%!I7"H#U9J#971!

X@aE'!W1!78871!X(D3'%>-(5!.-??/@/5=/<!-5!?/A%'/!@/<(3@=/!%435.%5=/+!%.3'>!</;!@%>-(+!%5.!

A%'/!A%>-5K!<3==/<<!-5!5#%6-7*&+#4'18)($(71!,/E%)!P=('1!IUHI[#JIGI1!



!

!"#!

$%&'()*+,-.!/0!10.!2!34-56).!70!80!9:;90!$6<%+%,-!,=!>4+5)(?%(-!@4AB%-C!+B%*6)!C6-4+!

!"#$%"%!D%A,-!;EEF!G>)(-(6(H!D(?5%&%*(6I!%-&?4*%-C!4+6!,=!J7>!+6K46-&6!*(5(!(-*!

B)6*%&56*!*%+5)%L45%,-+0!M,,5(N(0!OOP:H;QOO0!

$4L6-+56%-!JR0!;"EF0!>?56)-(5%<6!)6B),*4&5%<6!5(&5%&+!%-!5'6!+B%*6)&'"(%&)"*+",(%(%0!

/6'(<!S&,?!D,&%,L%,?!9:H99"Q9OF0!

D'4+56)!DT.!U(*6!T10!9::O0!T(5%-C!+V+56A+!(-*!+5)(56C%6+0!W)%-&65,-.!76X!16)+6VH!

W)%-&65,-!Y-%<6)+%5V!W)6++0!

D%AA,-+!8U0!9::;0!DB6)A!&,AB65%5%,-!(-*!%5+!6<,?45%,-()V!&,-+6K46-&6+!%-!5'6!

%-+6&5+0!W)%-&65,-.!76X!16)+6VH!W)%-&65,-!Y-%<6)+%5V!W)6++0!

D%AA,-+!8U.!8?,)6-+!Z.!D&'%-[%C!T.!\,+]6-!J.!2!^)(%C!T0!;""_0!DB6)A!&,AB65%5%,-!

+6?6&5+!=,)!A(?6!A(56!&',%&6!(-*!B),5(-*)V!%-!5'6!L4+'&)%&]65-&."/0",%&$"#(12%31)&

G`)5',B56)(H!Z655%C,-%%*(6I0!>-%A!/6'(<0!_FH;;Fa;990!

D%AB+,-!T$0!;""P0!^,<()%(5%,-!,=!+B%*6)!6CC!(-*!&?45&'!+%[6H!5'6!%-=?46-&6!,=!=,)(C%-C!

(-*!B()6-5(?!&()60!S&,?,CV0!F#HF"PQE::0!

D%-C6)!T^0!;"E90!D6N4(?!+6?6&5%,-!=,)!+A(??!+%[6!%-!A(?6!L4556)=?%6+0!>A!7(50!;;"H__:a

__O0!

Z(V?,)!WU.!\(++,-!`.!^?()]!J80!9::;0!R-%5%(5%,-!(-*!)6+,?45%,-!,=!@4AB%-C!+B%*6)!

&,-56+5+H!),?6+!=,)!+%[6.!B),N%A%5V.!(-*!6()?V!*656&5%,-!,=!)%<(?+0!/6'(<!S&,?!

D,&%,L%,?0!P:H_:OQ_;O0!

Z(V?,)!WU.!1(&]+,-!$$0!;"""0!\(L%5(5a(*(B56*!&,AA4-%&(5%,-!%-!4#1("&53%,12"5).!(!76X!

M6(?(-*!@4AB%-C!+B%*6)!G>)(-6(6.!D(?5%&%*(6I0!70M0!10!M,,?0!9#H;9Fa;P_0!

Z(V?,)!WU.!1(&]+,-!$$0!9::O0!R-56)(&5%-C!6==6&5+!,=!+%[6!(-*!B)%,)!%-@4)V!%-!@4AB%-C!

+B%*6)!&,-=?%&5+0!>-%A!/6'(<0!#PHFEFQF"_0!

Z',)-'%??!$.!>?&,&]!10!;"EO0!S<,?45%,-!,=!R-+6&5!T(5%-C!DV+56A+0!^(AL)%*C6.!

T(++(&'4+655+H!\()<()*!Y-%<6)+%5V!W)6++0!



!

! "#!

$%&'((!)*+!,-./-/0123!4+!5606&!478!9""#8!:6;<'(!.&'-3=1331/-!/>!?136'36!'-?!%/3.!='.1-@!

3A3.6=3B!C1.%1-D36'3/-!&6E&/?<2.106!3<226338!,=!F'.8!9G"BGHIJIKL8!

M/((&'.%!N+!)'&O6&!P,8!9""Q8!:6;<'(!?1=/&E%13=!'-?!?13./&.6?!36;!&'.1/3!1-!3E1?6&38!

F'.<&68!RLKB9ILD9I"8!

S'.3/-!)48!9"HL8!$&'-3=1331/-!/>!'!>6='(6!36;!E%6&/=/-6!.%C'&.6?!TA!='(63!1-!.%6!

3E1?6&!!"#$%&$'()$*$+$,-'(UV1-AE%11?'6W8!:216-268!QRRBQ9"JQQ98!

S6((3!X:8!9"HH8!Y>>62.3!/>!T/?A!31Z6!'-?!&63/<&26!0'(<6!/-!>1@%.1-@!T6%'01/<&!1-!'!

[<=E1-@!3E1?6&8!,-1=!56%'08!RLBRQ9JRQL8!

S1O(<-?!\+!N'@6&3.&]=!$8!9"##8!S%A!?/!='(63!6=6&@6!T6>/&6!>6='(63^!,!%AE/.%6313!./!

6;E('1-!.%6!1-21?6-26!/>!E&/.'-?&A!1-!T<..6&>(1638!_62/(/@1'8!R9B9IRJ9IH8!

S1O(<-?!\+!N/&3T6&@!48!9""98!:6;<'(!31Z6!?1=/&E%13=!1-!&6('.1/-!./!>6='(6!E/(A@'=A!'-?!

E&/.'-?&A!1-!T<..6&>(163B!'!2/=E'&'.106!3.<?A!/>!:C6?13%!)16&1?'6!'-?!:'.A&1?'68!

_1O/38!LKBR#RJRH98!

`/--606(?!\8!9""L8!561-@!T1@!/&!6=6&@1-@!6'&(A^!)/(A'-?&A!'-?!.%6!.&'?6D/>>!T6.C66-!

31Z6!'-?!6=6&@6-26!1-!='(6!T<..6&>(1638!,=!F'.8!9G#B"GLJ"LI8!

! !



!

!"#!

!"#$%&'()*+',(-..&../&0%(.%'#%&12&.(#03(3&42.2*05/#6201(20(/#7&5
/#7&(4*0%&.%.(*8(!"#$%"%&'()%(%(9+/$201(.$23&'.(

(

-:.%'#4%!

!
$%&'()*!+,-.%!.%/(/.!&%!0+%-.*-*!-1(-!1(2.!3+-.%-&()!-+!&'3+*.!*45*-(%-&()!0+*-*!

&%!-&'.6!.%.7/8!(%9!7&*:!+,!&%;478<!=+!7.940.!-1.!0+*-*!+,!0+%-.*-*6!(%&'()*!(7.!.>3.0-.9!

-+! (**.**! -1.! 7.*+470.! 1+)9&%/! 3+-.%-&()! +,! -1.&7! 7&2()*! (%9! 0+'3(7.! &-! -+! -1.&7! +?%!

@A'4-4()!(**.**'.%-BC!(*!(!'.(%*!+,!.0+%+'&0())8!9.-.7'&%&%/!(!?&%%.7<!D,!&%,+7'(-&+%!

(5+4-! -1.! 7&2()! &*! 9&,,&04)-! +7! 0+*-)8! -+! +5-(&%6! 7&2()*! '(8! &%*-.(9! 7.940.! -1.! 0+*-*! +,!

,&/1-&%/! 58! ?&-197(?&%/! ?1.%! (%! &%9&2&94()! 0+*-! -17.*1+)9! &*! 7.(01.9! @A*.),E

(**.**'.%-BC<! F.7.! ?.! &%2.*-&/(-.! -1.! (**.**'.%-! *-7(-./&.*! 4*.9! 58! !"#$%"%& '()%(%!

;4'3&%/!*3&9.7*! -+!7.*+)2.!'().E'().!0+%-.*-*<!=+!.>('&%.! -1.!.,,.0-*!+,!5+98!*&G.!+%!

0+%-.*-!+4-0+'.!(%9!*-7(-./86!0+%-.*-*!?.7.!*-(/.9!5.-?..%!*&G.!4%'(-01.9!(%9!*&G.E

'(-01.9!3(&7*<!H+%-.*-*!0+'37&*.9!(!*.7&.*!+,!9&*-&%0-!*-(/.*!+,!.*0()(-&+%!(%9!5+98!*&G.!

?(*!(! *-7+%/!37.9&0-+7!+,! 0+%-.*-!+4-0+'.<!=+!/(&%! &%*&/1-! -+!(**.**'.%-!*-7(-./86!?.!

0+%*&9.7!947(-&+%!(%9!.*0()(-&+%!(*!'.(*47.*!+,!0+*-!(0074()<!I2.7())6!-1.!7.)(-&+%*1&3*!

+,!5+98!*&G.!-+!0+%-.*-!947(-&+%!(%9!.*0()(-&+%!*4//.*-!-1(-!-1.!9.0&*&+%!+,!?1.-1.7!-+!

7.-7.(-! 947&%/! -1.! .(7)8! %+%E0+%-(0-! 0+%-.*-! 31(*.! &*! )(7/.)8! 9.-.7'&%.9! 58! *&G.E

(**+0&(-.9!&%-.7%()!0+*-!-17.*1+)9*!?1&).!-1.!-&'&%/!+,!-1&*!9.0&*&+%!'(8!5.!9.-.7'&%.9!

58!+33+%.%-!*&G.<!J.!1&/1)&/1-!-1.!%..9!-+!0+%*&9.7!(337+37&(-.%.**!+,!37+>&.*!4*.9!,+7!

0+*-*! (%9!?1.-1.7! /('.! -1.+7.-&0()! 37.9&0-&+%*! ,+7! ?1+).! 0+%-.*-*! (33)8! -+! *.3(7(-.!

*-(/.*!?&-1&%!(!0+%-.*-<!!



!

! ""!

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

#$%&'()*!$+,-!-,.$/-),!0(.*-(1/*($%!(.!2(0,.3-,40!(%!4%(54'.6!4%0!4.!4!

)$%.,7/,%),!54%8!.3,)(,.!(%!,%949,!(%!)$%*,.*.!*:4*!,;3$.,!-(+4'.!*$!)$.*.!*:4*!5(9:*!

(%)'/0,!*(5,!4%0!,%,-98!4.!2,''!4.!-(.<!$&!(%=/-86!0,4*:!$-!3-,04*($%!>?%0,-..$%!@""ABC!

D$!5$-,!,&&()(,%*'8!-,.$'+,!)$%&'()*.!-(+4'.!548!4..,..!,4):!$*:,-E.!&(9:*(%9!41('(*86!$-!

-,.$/-),!:$'0(%9!3$*,%*(4'!>FGHB6!.$!*:4*!*:,!2,4<,-!-(+4'!)4%!-,*-,4*!2:,%!./&&()(,%*'8!

),-*4(%!$&!(*.!(%&,-($-!.*4*/.!>I5/*/4'!4..,..5,%*EJ!K48%4-0!L5(*:!M!H4-<,-!@"NOJ!!

H4-<,-!@"NABC!D:,!41('(*8!*$!$1*4(%!(%&$-54*($%!41$/*!4!-(+4'!0/-(%9!4!)$%*,.*!548!1,!

)$%.*-4(%,0!18!3:8.()4'!4%0!)$9%(*(+,!41('(*(,.!./):!*:4*!4..,..5,%*!(*.,'&!548!1,!)$.*'8!

$-!,+,%!1,8$%0!*:,!)434)(*8!$&!.$5,!4%(54'.!>P'2$$0!M!?-%$**!QR@Q6!QR@SJ!T42),**!M!

K$2',.!QR@SBC!U%0,-!./):!)(-)/5.*4%),.6!4%(54'.!548!-,0/),!)$%*,.*!)$.*.!18!

-,*-,4*(%9!2:,%!*:,8!-,4):!4%!(%0(+(0/4'!)$.*!*:-,.:$'0!>I.,'&V4..,..5,%*EJ!H-,%*,-!,*!4'C!

QRROJ!D48'$-!,*!4'C!QRR@BC!!

!

! W45,!*:,$-,*()4'!5$0,'.!3-,0()*!*:4*!0(&&,-,%*!&(9:*(%9!.*-4*,9(,.!3-$0/),!

0(&&,-,%*!-,'4*($%.:(3.!1,*2,,%!)$%*,.*!)$.*.!4%0!FGHC!X%!5$0,'.!4../5(%9!5/*/4'!

4..,..5,%*6!,C9C!*:,!.,7/,%*(4'!4..,..5,%*!5$0,'6!0,)(.($%.!4-,!14.,0!/3$%!4..,..5,%*!

$&!FGH!4.855,*-(,.!1,*2,,%!-(+4'.!>P%7/(.*!M!Y,(54-!@"ZSBC!#$.*.!0,)-,4.,!2(*:!

(%)-,4.(%9!4.855,*-86!1,)4/.,!'4-9,-!4.855,*-(,.!4-,!,4.(,-!*$!0,*,)*C!G$2,+,-6!./):!4!

-,'4*($%!548!4'.$!1,!,;3,)*,0!&$-!.,'&V4..,..5,%*!>D48'$-!M!P'2$$0!QRRSBC!D:(.!(.!

1,)4/.,!(%!.,'&V4..,..5,%*!5$0,'.6!,C9C!,%,-9,*()!24-!$&!4**-(*($%6!4%(54'.!2(*:!'$2!FGH!

:4+,!'$2,-!*:-,.:$'0.!4%0!2(*:0-42!&(-.*!>H48%,!M!H49,'!@""OB6!.$!)$%*,.*!)$.*.!

(%)-,4.,!2(*:!(%)-,4.(%9!FGH!$&!*:,!2,4<,-!-(+4'C!D:,!%,94*(+,!)$--,'4*($%!1,*2,,%!)$.*!



!

!"##!

$%&!'()!$*+,,-./+!0112/*!3-1$2*-!.4-!5$/6-*.!$*+,,-./7-*!1$%!0%5+!0112/!3-.8--%!

.4-!8-$9-*.!$%&!*./0%6-*.!,-,3-/*!0:!$!;0;25$.70%<!

!

! =5.-/%$.7>-!:764.7%6!*./$.-67-*!$/-!3-..-/!&7*.7%627*4-&!3+!-?$,7%7%6!.4-!'()!0:!

/7>$5*!*-;$/$.-5+!@A$+50/!B!C5800&!D##EF<!G%&-/!,2.2$5!$**-**,-%.H!10%.-*.!10*.*!$/-!

-?;-1.-&!.0!4$>-!$!;0*7.7>-!/-5$.70%!87.4!.4-!8-$9-/!/7>$5I*!'()!$%&!$%!-J2$5!32.!

%-6$.7>-!/-5$.70%!87.4!.4-!'()!0:!.4-!*./0%6-/!/7>$5<!K:!$%7,$5*!$/-!2*7%6!*-5:L$**-**,-%.!

.4-/-!*4025&!3-!$!;0*7.7>-!/-5$.70%!3-.8--%!10%.-*.!10*.*!$%&!.4-!8-$9-/!/7>$5I*!'()!32.!

57..5-!/-5$.70%!87.4!.4-!*./0%6-/!/7>$5I*!'()<!

!!

!! A4-!;/-&71.70%*!:0/!*-5:L$**-**,-%.!$;;5+!.0!*7.2$.70%*!84-/-!.4-!$112,25$.70%!

0:!10*.*!7*!&-.-/,7%-&!0%5+!3+!$%!7%&7>7&2$5I*!08%!$1.70%*<!(08->-/H!7:!10*.*!$/-!$5*0!

7%:571.-&!3+!.4-!/7>$5H!$*!2%&-/!.4-!12,25$.7>-!$**-**,-%.!,0&-5!@M=NF!@)$+%-!"OOPFH!

.4-%!.4-!*$,-!/-5$.70%*!;/-&71.-&!:0/!,2.2$5!$**-**,-%.!1$%!0112/!87.402.!/7>$5!

$**-**,-%.!.$97%6!;5$1-H!3-1$2*-!.4-!&-17*70%!.0!87.4&/$8!7*!7%:52-%1-&!3+!.4-!'()!0:!

30.4!/7>$5*<!N2.2$5!$**-**,-%.!&7::-/*!:/0,!12,25$.7>-!$**-**,-%.!7%!.4$.!7.!;/-&71.*!%0!

/-5$.70%*47;!3-.8--%!10*.*!$%&!'()!84-%!/7>$5*!$/-!'()L,$.14-&H!.4-/-:0/-H!*214!$!

/-5$.70%*47;!8025&!-?152&-!,2.2$5!$**-**,-%.!$*!$!;2.$.7>-!*./$.-6+!@=/%0..!B!C5800&H!
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Animals often engage in contests that have the potential to result in substantial costs in time, energy and
risk of injury. To reduce the costs of contests, animals are expected to assess the resource-holding po-
tential of their rivals and compare it to their own as a means of economically determining a winner
(‘mutual assessment’). If information about the rival is difficult or costly to obtain, rivals may instead
reduce the costs of fighting by withdrawing when an individual cost threshold is reached (‘self-
assessment’). Here we investigated the assessment strategies used by Servaea incana jumping spiders to
resolve maleemale contests. To examine the effects of body size on contest outcome and strategy,
contests were staged between size-unmatched and size-matched pairs. Contests escalated through
distinct stages that were of increasing intensity, and body size was a strong predictor of contest outcome.
To gain insight into assessment strategy, we considered duration and escalation as measures of cost
accrual. Overall, the relations of body size to contest duration and escalation suggest that the decision of
whether to retreat during the early noncontact contest phase is largely determined by size-associated
internal cost thresholds. Body size was not related to either duration or escalation in the contact
phase of contests. We highlight the need to consider appropriateness of proxies used for contest costs
and whether game-theoretical predictions for whole contests apply to stages within a contest.
© 2014 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Contests for resources expose rivals to costs that might include
time and energy as well as risk of injury or death (Andersson,1994).
To efficiently resolve conflicts, rivals may assess traits that are
associated with each other's fighting ability, or resource-holding
potential (RHP), so that the weaker rival can retreat when suffi-
ciently certain of its inferior status (‘mutual assessment’; Maynard
Smith & Parker, 1976; Parker 1974). However, the ability to obtain
information about a rival during a contest may be constrained by
physical and cognitive abilities such that assessment may be costly
or even beyond the capacity of some animals (Elwood & Arnott,
2012, 2013; Fawcett & Mowles, 2013). Under such circumstances,
animals may reduce contest costs by retreating when they reach an
individual cost threshold (‘self-assessment’; Prenter, Elwood, &
Taylor, 2006; Taylor, Hasson, & Clark, 2001).

Game-theoretical models predict that different fighting strate-
gies produce different relations between contest costs and RHP. In
models assuming mutual assessment, e.g. the sequential

assessment model, decisions are based upon assessment of RHP
asymmetries between rivals (Enquist & Leimar, 1983). Costs are
expected to decrease as RHP asymmetry increases, because larger
asymmetries are easier to detect. However, a negative relation
between costs and RHP asymmetry may also be expected for self-
assessment (Taylor & Elwood, 2003), because in self-assessment
models, e.g. energetic war of attrition, animals with low RHP
have lower thresholds and tend towithdraw early in the interaction
(Payne & Pagel, 1996). Overall contest costs increase with RHP of
the weaker rival and so a negative correlation between cost and
RHP asymmetry occurs because the largest asymmetries can only
occur in contests between the weakest and strongest members of a
population.

Alternative assessment strategies are better distinguished by
examining the RHP of rivals separately (Taylor & Elwood, 2003),
assuming that the assortment of opponents in contests is random
(Fawcett &Mowles, 2013). Under mutual assessment, contest costs
are expected to have a positive relationwith the weaker rival's RHP
and an equal but negative relation with the RHP of the stronger
rival. If animals are using self-assessment there should be a positive
relation between contest costs and the weaker rival's RHP but little
relation with the stronger rival's RHP.
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The predictions for self-assessment apply to situations in which
the accumulation of costs is determined only by an individual's
own actions. However, if the rival also inflicts costs, as under the
cumulative assessment model (CAM; Payne, 1998), then the deci-
sion to withdraw is influenced by the RHP of both rivals. Therefore,
the same relations predicted for mutual assessment can occur
without information about the RHP asymmetry being gathered.
Under the CAM, the decision to withdraw is based upon a cost
threshold; therefore, an individual will fight up until this threshold,
regardless of the RHP of the opponent. Under mutual assessment
an individual's decision to withdraw is based upon information
about RHP asymmetry, such that an individual will pay higher costs
in contests against similarly matched opponents. Mutual assess-
ment predicts no relation between costs and RHP when rivals are
matched for RHP; therefore, such a relation would exclude mutual
assessment as a putative strategy (Arnott & Elwood, 2009).

While estimating RHP can be straightforward through associa-
tion with outcome, estimating the costs of contests is often more
difficult (Briffa et al., 2013). Time is commonly used as a measure of
cost (Arnott& Elwood, 2009) andmay be appropriate in contests in
which contest costs accrue linearly with time, for example when
contests consist of extended energetically expensive displays (wars
of attrition) or only involve one type of behaviour (Kemp &
Wiklund, 2001; Zenner, O'Callaghan, & Griffin, 2014). However,
contests often escalate through distinct stages, typically starting
with stereotyped displays at a distance, and later escalating to
physical fighting, where the rates of energetic cost and risks of
injury are higher. The level of escalation reached may, therefore, be
a better indication of costs than duration. Indeed, some studies
using duration and escalation as measures of contest cost have
reported different results for these measures. For example,
assessment of contest duration suggested neither mutual assess-
ment nor self-assessment in the golden orb web spider, Nephila
clavipes (Constant, Valbuena, & Rittschof, 2011) and suggested
mutual assessment in the sierra dome spider, Neriene litigiosa (Keil
& Watson, 2010). However, both studies found support for self-
assessment when escalation was used as a measure of contest
costs rather than duration. Many studies have inferred assessment
strategies by considering relations between RHP proxies and
overall contest costs, but such approaches may be misleading if
animals use different strategies at different stages of a contest (Hsu,
Lee, Chen, Yang, & Cheng, 2008). Furthermore, self- and mutual
assessment may represent extremes in a continuum rather than
two discrete alternatives (Prenter et al., 2006). When animals have
no information about their rivals they can only use self-assessment,
but as information about the rival becomes available there is
increasing opportunity for mutual assessment (Mesterton-Gibbons
& Heap, 2014).

In this study we investigated whether and when males of a
jumping spider, Servaea incana, use information about themselves
and their rivals during contests. Studies of spiders have made sig-
nificant contributions to the study of contest behaviour (reviewed

in Elwood & Prenter, 2013) and number among the first empirical
studies to suggest that animals may persist in contests in accor-
dancewith their own abilities (Bridge, Elwood,&Dick, 2000; Taylor
et al. 2001; Whitehouse, 1997) rather than relying solely on mutual
assessment. Although jumping spiders are known for their acute
vision and elaborate visual displays during intraspecific in-
teractions, they appear to rely substantially on self-assessment
during contests (Taylor et al. 2001), with a comparatively minor
role for mutual assessment (Elias, Kasumovic, Punzalan, Andrade,&
Mason, 2008; Kasumovic, Mason, Andrade, & Elias, 2011). Like
spiders from most other families, jumping spider contests progress
through distinct levels of escalation (Table 1; Elwood & Prenter,
2013) and so escalation may prove more useful than duration as a
measure of contest cost. After initially orienting towards each other,
rivals initiate stereotyped displays. They may then approach each
other and engage in potentially injurious physical combat (Jackson,
1988; Jackson & Hallas, 1986; Wells, 1988). By examining the re-
lations between size, a measure of RHP, and contest costs we aimed
to determine the extent to which decisions of contest persistence
(duration and escalation level) of male S. incana depend on self- or
mutual assessment.

METHODS

Study Animals and Maintenance

Servaea incana is a medium-sized jumping spider that is native
to temperate regions of eastern and southern Australia (Richardson
& Gunter, 2012). Adult males were collected from the trunks of
eucalypt trees in Sydney, NSW, Australia. Spiders were housed
individually in 1.125-litre ventilated cages on a 12:12 h light:dark
cycle, and were maintained in a laboratory with controlled tem-
perature (24e26 !C) and relative humidity (65e75%). Spiders were
fed two Queensland fruit flies, Bactrocera tryoni, or two house flies,
Musca domestica, on alternating weeks. Water was provided in a
6 ml vial attached to the base of the cage, stoppered with a cotton
dental wick. Half a crumpled sheet of white A4 paper was provided
as environmental enrichment (Carducci & Jakob, 2000). Spiders
were housed under these conditions for at least 1 week prior to use
in experiments.

Contest Protocol

To examine the effects of size difference versus individual size
on decisions of persistence, 85 dyadic contests were staged be-
tween S. incana males that were paired at random from the labo-
ratory population (‘size-unmatched’ pairings). To further
distinguish between effects of size difference and individual size,
we staged an additional 73 contests in which the effects of size
differencewere experimentally reduced by sizematching of spiders
(‘size-matched’ pairings). All pairs were novel and each male was
used no more than once in each experiment. Contests were staged

Table 1
The levels of escalation in contests between male S. incana

Phase Level Activity Description

Precontact I Mutual orientation Spiders turn to face rival
II Hunch Spider raises body above substrate and raises first pair of legs into an arched position
III Approach Spider moves towards rival, usually maintaining the hunched posture

Contact IV Spar When within two body lengths, spiders lunge towards each other, flicking the first pair of legs vertically, and
making contact with the legs and body and pushing against the rival

V Embrace Spiders lock chelicerae and push and pull against each other
VI Struggle Spiders roll around on the substrate grasping and biting at each other

The first three levels make up the precontact phase; the last three make up the contact phase. Contests may end at any level of escalation.
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in an open-roofed Perspex arena (300 ! 150 mm and 80 mm high),
identical in dimensions to that used by Taylor et al. (2001). The
bottom 15 mm of the arena walls were transparent, facilitating
filming from the side (Panasonic HDC-HS700, Panasonic Corp.,
Japan). The opaque white upper walls of the arena were lightly
coated with petroleum jelly in order to restrict spiders to the floor
of the arena. Contests were conducted under fluorescent lighting
supplemented with full-spectrum incandescent lamps (Crompton
Lighting, Sydney, Australia). A sheet of white paper covered the
base of the arena and was replaced between trials. The arena was
also washed with water and wiped clean between trials to remove
silk draglines and chemical cues (Jackson, 1987). To stage a contest,
a white opaque divider was positioned at the arena midpoint and a
spider was introduced to each end of the arena. After 2 min of
acclimation the divider was removed and spiders were allowed to
interact until one retreated from its rival. Individual spiders were
distinguished on the basis of size and natural markings. Contests
escalated through six clearly identifiable sequential levels of
increasing risk and intensity (Table 1). For each contest, we recor-
ded whole contest duration, duration of the precontact phase
(levels IeIII) and contact phase (levels IVeVI) (Table 1), maximum
level of escalation and the winner. We also noted which spider was
first to orient to face, display to and approach the other. Contests
were deemed to have begunwhen both spiders oriented and ended
when one, the loser, retreated.

Morphological Measurements

Following contests between size-unmatched pairs, spiders were
weighed to the nearest 1 mg with an electronic balance (Shimadzu
Corporation, Japan; Model N595, Type AX200). Spiders were also
photographed with a ProgResC10 digital camera (Jenoptik LOS
GmbH, Germany) focused through an Olympus SZX12 stereomi-
croscope (Olympus Corporation, Japan). Cephalothorax width and
length were measured to the nearest 0.1 mm from digital images
using ImageJ 1.36b (National Institute of Health, Bethesda, MD,
U.S.A.). For size-matched pairs, all spiders had been measured at
least 3 days prior to the contests and were fed two B. tryoni 3 days
prior to the contests. Any uneaten flies were removed the following
day. On the morning of the contest all spiders were weighed and
contests were staged between spiders that differed in cephalo-
thorax width, cephalothorax length and weight by less than 5%
((measure of individual A "measure of individual B)/(mean of A
and B) ! 100).

Statistical Analyses

To examine the determinants of outcome in contests between
unmatched spiders, we used multiple logistic regression with
outcome as the response variable and size of the larger and smaller
rival and whether the larger or smaller spider oriented first, dis-
played first or approached first as predictor variables. Nonsignifi-
cant predictor variables were removed from the model. Multiple
regressionwas used to examine assessmentmechanisms, following
the practice of Taylor and Elwood (2003), with duration or level of
escalation as dependent variables and measures of rival size as
predictors. Therefore, the whole model included the size of the
larger rival and the size of the smaller rival as predictor variables.
We used cephalothorax width as our measure of size as it can be
more accurately determined than cephalothorax length and is a
fixed measure for adult spiders, unlike weight, which fluctuates
with physiological state. To ascertain assessment strategies used
during the precontact phase we only included those contests that
ended prior to making contact. To investigate speed of escalation to
the contact phase, we examined the precontact phase of contests

that continued beyond the precontact phase. Contest duration data
required log transformation to meet the assumptions of parametric
tests. We also examined contest behaviour in terms of the level of
escalation using multiple logistic regression (ordinal when
assessing overall contests, nominal when assessing tendency to
escalate from one stage to the next), with escalation as the
dependent variable and rival sizes as predictors. For contests be-
tween spiders that were matched for size we used simple re-
gressions with mean size of the rivals as the predictor variable. All
tests were two tailed. Analyses were carried out using JMP 5.0.1.2
for Macintosh (SAS Institute Inc., Cary, NC, U.S.A.).

Ethical Note

Spiders were separated as soon as one withdrew from the
interaction. Five individuals were injured during contests: four lost
a leg and one was bitten on the abdomen, but all survived these
injuries. Leg autotomy is a natural and widespread phenomenon
among spiders and probably functions to facilitate escape from
predators. Although injury may affect future performance in con-
tests, it has little effect upon survival (Taylor& Jackson, 2003). After
experiments, spiders were released at the sites where they were
collected.

RESULTS

Outcome of Contests Between Size-unmatched Pairs

Spiders interacted in every trial. Although on rare occasions one
spider displayed at or approached the other prior to both spiders
orienting, spiders were never attacked without first orienting to-
wards their rival. Contests were brief, ranging from 1 to 35 s. Of 85
contests, 34 escalated to physical contact (i.e. sparring or strug-
gling; Fig. 1). These contact phases were brief compared to the
precontact phase (Table 2). Smaller and larger rivals were similarly
likely to orient first (47 smaller, 38 larger; binomial test: P ¼ 0.386),
present ‘hunch’ displays first (47 smaller, 38 larger; P ¼ 0.386) and
approach first (37 smaller, 35 larger; P ¼ 0.906). Size predicted the
outcome of contests (Table 3), the larger spider winning 68 of 85
contests (80.0%). The likelihood of the larger spider winning
increased with size of the larger rival (ln odds ratio ¼ 6.409, 95%
CI ¼ 1.843 " 12.182, c2

1 ¼8.256, P ¼ 0.004) and decreased with the
size of the smaller rival (ln odds ratio ¼ "4.799, 95%

Orient Approach Spar Embrace StruggleHunch

40
Precontact Contact

35

25

20

15

10

5

0

30

Figure 1. Distribution of the maximum escalation in contests between male S. incana
in size-unmatched (black bars) and size-matched (white bars) pairings.
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CI ¼ "9.345 " "1.128, c2
1 ¼ 6.917, P ¼ 0.009; final model:

R2 ¼ 0.110, c2
1 ¼ 9.369, P ¼ 0.009), but was not affected by which

spider oriented, hunched or approached first (for all, P > 0.1). Using
size difference, rather than the size of the larger and smaller rivals,
yielded similar results: the probability of the larger rival winning
increased with the absolute size difference between rivals (ln odds
ratio ¼ 4.434, 95% CI ¼ 1.416 " 8.321, R2 ¼ 0.109, c2

1 ¼ 9.307,
P ¼ 0.002). Size difference was a strong predictor of outcome
regardless of whether contests terminated during the precontact
phase (ln odds ratio ¼ 3.747, 95% CI ¼ 0.513 " 7.934, R2 ¼ 0.096,
c2

1 ¼ 5.337, P ¼ 0.021) or escalated to the contact phase (ln odds
ratio ¼ 8.735, 95% CI ¼ 1.152 " 21.045, R2 ¼ 0.203, c2

1 ¼ 5.762,
P ¼ 0.016).

Contest Escalation in Size-unmatched Pairs

Only the size of the smaller rival predicted the overall maximum
level of escalation (whole model: R2 ¼ 0.051, c2

1 ¼10.10, P ¼ 0.006;
smaller rival's size: ß ¼ 2.613 ± 0.953, c2

1 ¼7.882, P ¼ 0.005; larger
rival's size: ß ¼ "0.261 ± 0.763, c2

1 ¼ 0.112, P ¼ 0.738). Hunch dis-
plays occurred in all (N¼85) interactions. The size of the smaller
rival was a marginally nonsignificant predictor of whether contests
ended prior to approach (13 of 85 contests; Table 4). Spiders
approached in 72 contests and 34 pairs escalated to the contact
phase. Only size of the smaller rival predicted whether the contest
escalated to the contact phase (Table 4, Fig. 2a). Of the contests that
escalated to the contact phase, 30 terminated after sparring, while
four escalated further to struggling; however, neither size of the
larger nor that of the smaller rival predicted whether this occurred
(Table 4).

Contest Duration in Size-unmatched Contests

Neither size of the larger nor that of the smaller rival predicted
total contest duration (Table 5). Duration of the 51 contests that
ended during the precontact phase decreased with increasing size
of the larger rival (R2 ¼ 0.105, ß ¼ "0.998, F1,49 ¼ 5.763, P ¼ 0.020;
Table 5, Fig. 3) but was not related to the size of the smaller rival.
Neither size of the larger nor that of the smaller rival predicted how

quickly contests escalated to the contact phase (Table 5). For the 34
contests that escalated to the contact phase, neither size of the
larger nor that of the smaller rival predicted the duration of the
contact phase (Table 5).

Contests Between Size-matched Pairs

The duration of contests between size-matched S. incana males
ranged from 1 to 61 s (N ¼ 73, mean ± SE ¼ 12.33 ± 1.16 s,
median ¼ 11 s). Fifty-two contests (71.2%) escalated to the contact
phase (Fig. 1). There were no significant differences in any of the
size measurements between winners and losers (Table 3), con-
firming that spiders were closely matched. Winners and losers
were just as likely to be the first to orient (36 winners, 37 losers;
binomial test: P > 0.99), hunch (39 versus 33; binomial test:
P ¼ 0.556) or approach (30 versus 37; binomial test: P ¼ 0.464).

The mean size of pairs of spiders did not predict maximum
escalation (R2 ¼ 0.002, ß ¼ 0.419, c21 ¼ 0.376, P ¼ 0.540). Only one
contest (between spiders that were two standard deviations below
the mean size) ended after orienting, without exchange of hunch
displays. Of the 72 contests in which spiders displayed, 67 pro-
ceeded to approach. There was a nonsignificant tendency for
smaller pairs of spiders to bemore likely to approach (R2 ¼ 0.082, ln
odds ratio ¼ 3.982, 95% CI ¼ "0.475 " 9.964, c2

1 ¼ 22.988,
P ¼ 0.084). Once spiders had approached, larger pairs were more
likely to escalate to the contact phase (R2 ¼ 0.064, ln odds
ratio ¼ "2.617, 95% CI ¼ "6.103 " "0.213, c21 ¼ 4.565, P ¼ 0.039;
Fig. 2b). Size of the spider pair did not predict the probability of
further escalation within the contact phase (spar " embrace:
R2 ¼ 0.010, ln odds ratio ¼ 0.888, 95% CI ¼ "1.262 " 3.113,
c21 ¼ 0.657, P ¼ 0.418; embrace " struggle: R2 ¼ 0.114, ln odds
ratio ¼ 3.130, 95% CI ¼ "0.948 " 8.282, c2

1 ¼ 2.230, P ¼ 0.135).
Mean size of pairs was not related to total contest duration (simple
linear regression: R2 ¼ 0.007, F1,71 ¼ 0.521, ß ¼ 0.176, P ¼ 0.473),
duration of the precontact phase in contests that did not escalate
(R2 ¼ 0.008, F1,19 ¼ 0.147, ß ¼ 0.202, P ¼ 0.705), that did escalate
(R2 ¼ 0.003, F1,50 ¼ 0.153, ß ¼ 0.114, P ¼ 0.697) or the duration of
the contact phase (R2 ¼ 0.017, F1,50 ¼ 0.887, ß ¼ 0.338, P ¼ 0.351).

DISCUSSION

Mutual or Self-assessment?

Our results suggest that during precontact stages of contests
between male S. incana jumping spiders, the decision to persist or
retreat is determined principally by each spider's individual size-
associated cost threshold, that is by self-assessment, rather than
by mutual assessment. When spiders differed in size, the proba-
bility of escalation from the precontact phase to the contact phase
was predicted by the size of the smaller rival rather than the size
difference between the pair; the larger the size of the smaller spider
in a dyad, the higher the probability that it would persist until the
contest escalated to the contact phase (Fig. 2a). Further, when
spiders were size-matched, contests between larger pairs were

Table 2
Summary statistics for the duration (s) of whole contests, the precontact phase of
contests that terminated prior to the contact phase and those that escalated to
contact, as well as contact phases of contests between size-matched and unmatched
S. incana males

Unmatched Matched

N Median IQR Range N Median IQR Range

Whole contest 85 8 4.5e13 1e35 73 11 7e14 1e61
Precontact phase

(terminated)
51 5 3e10 1e35 21 8 4.5e12.5 1e52

Precontact phase
(escalated)

34 8.5 5e12 1e24 52 9 6e11 2e59

Contact phase 34 1.5 1e3.75 1e6 52 2 1e3.75 1e38

IQR ¼ interquartile range.

Table 3
Comparison of mean ± SE cephalothorax width, cephalothorax length and body mass of winners and losers in contests between unmatched (randomly paired) males and
contests between size-matched males (paired t tests)

Unmatched Matched

Winner Loser t84 P Winner Loser t72 P

Width (mm) 2.75±0.04 2.46±0.03 6.99 <0.001 2.86±0.04 2.85±0.04 0.85 0.399
Length (mm) 3.41±0.04 3.06±0.04 6.86 <0.001 3.51±0.04 3.50±0.04 1.06 0.293
Body mass (mg) 48.64±1.90 35.02±1.37 6.72 <0.001 52.37±1.86 52.26±1.85 0.89 0.377

R. H. McGinley et al. / Animal Behaviour 101 (2015) 89e9592



more likely to escalate from approaching to the contact phase
(Fig. 2b). These patterns are predicted by self-assessment but are
inconsistent with predictions of mutual assessment models (i.e.
equal and opposite effects of larger and smaller rival size). Because
there was no association between smaller rival size and duration of
size-unmatched contests that ended during the precontact phase,
and no relation between mean spider size and duration of size-
matched contests that ended during the precontact phase, it
seems unlikely that these decisions of smaller spiders are based on
accumulated physiological costs of persistence (e.g. lactate accu-
mulation from anaerobic respiration). Instead, it seems more likely
that the spiders expressed size-dependent aversion to entering the
contact phase, perhaps as a result of prior experience or physiology
that is correlated with size.

For contests between size-unmatched spiders that were
resolved during the precontact phase, there was a negative relation
between contest duration and size of the larger spider in a pair.
That is, although there was a tendency for the smaller spider in a
pair to determine whether a contest would terminate at this stage,
the timing of this decisionwas associated with the size of the larger
spider. Such a relation is consistent with assessment of only the
opponent, without persistence being based upon own-RHP
(‘opponent-only assessment’); however, this unexpected pattern
may arise from size-dependent behaviour that does not influence
outcome. For example, if smaller rivals are less willing to escalate
then contests may last longer when both rivals are small and
reluctant to escalate. Alternatively, if larger rivals escalate contests
quicker, then RHP of the larger rival may indirectly influence the
timing of the decision to retreat by the smaller rival without a more
direct assessment of size taking place. Such patterns have been
interpreted as a form of cumulative assessment (Morrell, Backwell,
&Metcalfe, 2005; Payne, 1998), but whether this represents a form
of assessment is the subject of ongoing debate (Elwood & Arnott,
2012, 2013; Fawcett & Mowles, 2013). Although larger and
smaller rivals were equally likely to initiate an approach, there may
be other more subtle behavioural cues associated with size of larger
rivals that are used by smaller rivals, such as a more rapid or direct
approach.

For contests between both size-unmatched and size-matched
pairs that were resolved during the contact phase, we found no
patterns of persistence or escalation tendency linked to the size of
either opponent. A lack of patterns in size-matched contests is
consistent with mutual assessment, and may also be consistent
with cumulative assessment if the rate of cost accrual depends on
the ability of the rivals both to inflict costs and towithstand damage
(Payne, 1998). The lack of predicted patterns in size-unmatched
contests could also be consistent with cumulative assessment
during the contact phase of contests as the decision to withdraw
may depend upon the ability of rivals both to inflict and to with-
stand costs. Difficulties often arise in determining assessment
mechanisms at later contest stages owing to changes in sample size
and RHP distribution of rivals as contests progress. First, sample
sizes are usually smaller for analysis of escalation stages that occur
later in contests as pairs that resolve an outcome at earlier stages
are depleted from the initial sample. With diminishing sample size
it becomes increasingly difficult to detect significant effects. Sec-
ond, the nonrandom depletion of certain pairings as contests
progress can restrict variation in the remaining pairings. For
example, if an individual's own size determines persistence at each
level of escalation then only the largest of the smaller rivals will
persist to the higher levels, reducing both variation in size of in-
dividuals and size difference between rivals as contests progress
(Taylor et al. 2001). If animals use mutual assessment at earlier
stages, pairings with large size differences will tend to be resolved
more often at earlier contest stages, resulting in size-assortative
contests among the remainder (Fawcett & Mowles, 2013). While
the size range of contest participants may be maintained, the range
of size differences will be reduced and the correlation between the

Table 4
Regression models of size of the smaller and larger rivals as predictors of whether contests transitioned from one level of escalation to the next

N Whole model Smaller rival's size Larger rival's size

R2 F P ln odds ratio 95% CI P ln odds ratio 95% CI P

Hunch-Approach 85 0.048 3.49 0.175 !2.82 !6.16 0.26 0.073 2.49 !1.12 6.17 0.174
Approach-Spar 72 0.105 10.44 0.005 ¡2.56 ¡5.36 >!0.01 0.050 !1.78 !5.26 1.52 0.292
Spar-Struggle 34 0.005 0.13 0.936 !0.91 !6.87 3.84 0.718 0.85 !5.41 9.17 0.805

All contests that escalated to embracing continued to struggling. Bold indicates statistically significant effect.
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Figure 2. Simple logistic regressions for the probability of escalating from approach to
sparring in (a) size-unmatched pairings in relation to the size of the smaller male and
(b) size-matched pairings in relation to the mean size of the pair.
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size of the rivals will be stronger, making it difficult to examine the
effects of size of each rival separately. Some experimental ap-
proaches rely on size-matched pairings, but because animals at the
extremes of the distribution are more difficult to match there can
be a tendency for underrepresentation of the largest and smallest
individuals. In the present study, smaller spiders were more likely
to withdraw during the precontact phase of contests, potentially
restricting the size range of smaller rivals in both contests that
terminated during this phase and those that continued, and
possibly inflating the effect of larger rival size on precontact
duration. This can result in a relation that appears to be suggestive
of opponent only rather than mutual assessment. To study assess-
ment mechanisms at later contest stages, a larger andmore broadly
representative sample might be obtained by encouraging pairs to
escalate to higher levels through increasing the value of contested
resources (Elias et al. 2008; Hoefler, Guhanarayan, Persons, &
Rypstra, 2009; Magellan & Kaiser, 2010; Mager, Walcott, & Piper,
2008; Wells, 1988).

Measures of Contest Costs

Our results add to a growing appreciation that different mea-
sures of contest cost can lead to contradictory support for alter-
native theories of assessment. In N. clavipes, Constant et al. (2011)
found no relation between contest duration and body size of ri-
vals but escalation increased with the size of the smaller rival,
consistent with self-assessment. Keil and Watson (2010) found
support for self-assessment in terms of escalation and intensity (an
estimate of the energetic costs of a contest using the time spent
performing different actions) in N. litigiosa. However, they also

found evidence for mutual assessment; duration of whole contests
and the first phase of contests diminished with increasing size
asymmetry between rivals when size of the smaller rival and size
differencewere included in the samemodel (although contests that
terminated during one phase were not analysed separately from
those that escalated to the next phase). Studies of animal contests
have typically chosen one or two commonmeasures of cost, such as
duration and escalation, but generally the strength of association
between these metrics and actual underlying costs and constraints
affecting contest behaviour is not well known. One metric may be a
less accurate means of estimating costs and this might add to
variance in the analyses (Jennings, Gammell, Carlin, & Hayden,
2004). Of greater concern, one metric may be a more appropriate
means of estimating cost such that results and conclusions ob-
tained from a poor choice may then be unreliable. There appears to
be a need for greater attention to the suitability of cost metrics
chosen for studies of contest behaviour. Researchers should ensure
that they are aware of both the limitations and the advantages of
each metric.

Duration is used as ameasure of cost for fourmain reasons: (1) it
is a readily accessible and convenient measurement; (2) many
theoretical models involve predictions about contest duration
(Enquist & Leimar, 1983; Taylor & Elwood, 2003); (3) time spent
fighting could be allocated to other activities; and (4) physical and
physiological costs accumulate with time (Hack, 1997; Prenter et al.
2006). Costs are unlikely to accumulate linearly with time, how-
ever, especially when contests escalate through phases of different
intensity. As contests betweenmale S. incanawere brief and rapidly
progressed through different stages, the level of escalationmay be a
better indicator of costs than contest duration. Escalation appears
to be a more consistent indicator of assessment strategy in other
spiders (Bridge et al., 2000; Constant et al., 2011; Taylor et al., 2001;
Wells, 1988; Whitehouse, 1997). Contests are likely to be physio-
logically expensive for spiders as they have limited metabolic ca-
pacity (McGinley, Prenter, & Taylor, 2013; Prestwich, 1983).
Measures of the physiological costs of fighting (e.g. Briffa& Elwood,
2004; DeCarvalho, Watson, & Field, 2004; Prenter et al., 2006) or
risks of injury may better indicate the costs of contests as well as
the capabilities and decisions of the animals involved.

Interpretation of assessment strategy in the separate phases of
complex multistage contests may also depend onwhether contests
are analysed as a single process or as a series of distinct decisions. In
particular, treating the whole contest as a single process in analyses
may mask important variation (Morrell et al., 2005). In contests
that consist of distinct phases, separate examination of the phases
can uncover marked changes in assessment strategies within a
contest. For example, in their investigation of display and fighting
phases of contests between mate-guarding and intruder males of
the hermit crab, Pagurus middendorffi, Yasuda, Takeshita, andWada
(2012) reported that smaller intruders were less likely to escalate to
physical fighting, consistent with self-assessment. However, the
duration of the escalated fighting phase was related to the differ-
ence in cheliped size between opponents, rather than the RHP of

Table 5
Regression models of size of the smaller and larger rivals as predictors of the duration (s) of whole contests, the precontact phase (for contests that terminated prior to the
contact phase and also those that escalated to contact) and the contact phase

N Whole model Smaller rival's size Larger rival's size

R2 F P ß±SE P ß±SE P

Whole contest 85 0.044 1.91 0.155 0.70±0.38 0.072 !0.51±0.32 0.116
Precontact phase (terminated) 51 0.134 3.73 0.031 0.72±0.57 0.210 ¡1.25±0.46 0.009
Precontact phase (escalated) 34 0.071 1.19 0.317 !0.73±0.55 0.197 0.64±0.45 0.163
Contact phase 34 0.096 1.64 0.136 0.71±0.42 0.102 !0.52±0.34 0.136

Bold indicates statistically significant effects.
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Figure 3. Back-transformed simple regression illustrating the relation between larger
rival size and duration of contests between size-unmatched pairs that did not escalate
to the contact phase.
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either individual, consistent with mutual assessment. Thus, ani-
mals may shift from self-assessment to mutual assessment, or vice
versa, over the course of a contest. By examining escalation through
different stages of a contest, Hsu et al. (2008) found that killifish,
Kryptolebias marmoratus, use mutual assessment during precontact
stages and self-assessment during escalated fighting. If their anal-
ysis had been confined to examining total contest duration,
observed results would have suggested that they use mutual
assessment throughout the contest. Because of diminishing sample
sizes as contests progress, analyses of whole contest patterns tend
to overemphasize the assessment strategies used in early contest
stages.

In summary, our results suggest that contests between male
S. incana jumping spiders are largely resolved by individual size-
associated cost thresholds. These results were only revealed by
considering multiple measures of cost at different stages of the
contests. Therefore, we highlight the need to consider carefully
which are the most appropriate measures of costs and to under-
stand that the theoretical predictions for a whole contest do not
necessarily apply to each of its constituent parts.
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Studies of whole-organism performance are central to understanding the links between animal behaviour,
morphology, and fitness. Invertebrates have been popular models for studies of behaviour, although there have
been few detailed studies of their whole-organism performance, links between performance and morphology, or
trade-offs amongst different performance dimensions. In the present study, we investigate four facets of whole-
organism performance (running speed, climbing speed, endurance, and pulling force) in males of a jumping
spider (Servaea incana). We consider links between these performance traits and their association with three
morphological measures expected to influence maximum performance capacity: body size, relative leg length, and
relative body mass (condition). Running speed, climbing speed, and pulling force were all positively related,
suggesting that selection for one may positively effect all. By contrast, endurance capacity decreased with
running and climbing speed, suggesting an evolutionary trade-off. Associations amongst performance measures
cannot be explained solely as correlates of morphology: large size was associated with greater running speed,
climbing speed, and pulling force but not with endurance; relative leg length was associated with pulling force
but not other performance traits; relative mass was associated with climbing speed and endurance but not
running speed or pulling force. © 2013 The Linnean Society of London, Biological Journal of the Linnean
Society, 2013, 110, 644–657.

ADDITIONAL KEYWORDS: climbing – endurance – locomotion – pulling force – repeatability – running –
salticid – speed – trade-off.

INTRODUCTION

Behaviour and morphology evolve in concert because
variation in each is constrained by the other. Through
detailed studies of links with morphology, substantial
gains have been made in understanding the behaviour
and physical capabilities of various animals, including
squamate reptiles, amphibians, fish, and primates
(Koehl, 1996; Irschick et al., 2008). Whole-organism
performance capacity (i.e. the ability to conduct an
ecologically relevant task, such as running; Irschick
et al., 2008) has been linked with foraging behaviour
(Huey et al., 1984; Herrel et al., 2008), predator
evasion (Watkins, 1996; Downes & Shine, 2001),

sexual competition, and territoriality (Lailvaux et al.,
2004; Husak et al., 2006). Contrasting the detailed
understanding that has developed in some vertebrate
systems, our understanding of links between whole-
organism performance and morphology is generally
less advanced in invertebrate systems. Although some
groups have been studied in varying degrees of detail
(ants: Weihmann & Blickhan, 2009; crabs: Weinstein,
1998; Mowles, Cotton & Briffa, 2010; crickets: Dangles
et al., 2007; fleas: Krasnov et al., 2003; locusts: Kirkton
& Harrison, 2006; scorpions: Prestwich, 2006; Shaffer
& Formanowicz, 2000), others have received little
attention to date.

We predict that spiders will provide particularly
interesting models for the study of links between
morphology and whole-organism performance, as well
as the relationships between different performance*Corresponding author. E-mail: rowan.mcginley@mq.edu.au
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traits. Spiders have unique morphology and muscu-
loskeletal systems, such that advances in the study of
performance in other invertebrate taxa do not trans-
fer readily. In particular, spiders have an unusual
mechanism for limb movement; although flexion of all
leg joints is achieved by muscles, extension at several
major joints is achieved by hydraulic pressure of
haemolymph generated by contraction of muscles
in the cephalothorax (Parry & Brown, 1959a, b;
Anderson & Prestwich, 1975; Weihmann et al., 2010)
and elastic energy stored during flexion (Sensenig &
Shultz, 2003). Body pressures developed during loco-
motion can severely impede circulation, and hence
place limits on aerobic metabolism (Paul et al., 1994;
Paul & Bihlmayer, 1995). Spiders rely on anaerobic
respiration for sustained activity, and recovery to
basal lactate levels can be slow (Anderson &
Prestwich, 1985).

Morphology has a bearing on many fitness-related
activities of spiders, including foraging (Rovner,
1980), searching for mates (Foellmer & Fairbairn,
2005), courtship (Framenau & Hebets, 2007), and
intraspecific contests (Wells, 1988; Faber & Baylis,
1993; Taylor, Hasson & Clark, 2001; Taylor & Jackson,
2003; Elias et al., 2008). Although whole-organism
performance is central to these activities, there has
been little investigation into the links between mor-
phology and performance in spiders, or whether these
relationships underly the observed relationships
between morphology and fitness. Recent studies of
spider performance have examined the relationships
between size, running and climbing speed, and
habitat, principally to explain patterns of sexual size
dimorphism (Moya-Larano, Halaj & Wise, 2002;
Foellmer & Fairbairn, 2005; Brandt & Andrade, 2007;
Moya-Larano et al., 2008, 2009; Prenter, Pérez-Staples
& Taylor, 2010a, b; Prenter, Fanson & Taylor, 2012).
Other studies have similarly dealt with running speed
in the context of prey capture, fleeing from predators or
effects of injury on performance (Amaya, Klawinski &
Formanowicz, 2001; Nelson & Formanowicz, 2005;
Pruitt & Husak, 2010; Pruitt & Troupe, 2010). These
narrowly framed studies of running speed provide very
limited insight to whole-organism performance in
spiders; important dimensions of whole-organism per-
formance, in particular endurance and strength, have
been almost entirely neglected. Endurance capacity
may be a particularly important target for selection
because spiders have very few mitochondria in leg
muscles and have extremely limited physiological
capacity for sustained activity (Prestwich, 1983,
1988b; Shillington & Peterson, 2002). Such limits are
expected to constrain activity when foraging or when
searching for mates (Kramer & McLaughlin, 2001),
and especially during courtship and contests, which
tend to be energetically expensive (Watson & Lighton,

1994; Kotiaho et al., 1998; DeCarvalho, Watson &
Field, 2004). Strength is surely relevant in spider
contests, which typically entail ritualized pushing,
grabbing, and wrestling activities (Elwood & Prenter,
2013). Strength is also likely to be important when
grasping and subduing prey and defending against
enemies, including aggressive and potentially canni-
balistic females.

Jumping spiders (Salticidae) may be particularly
intriguing and tractable models for the study of
whole-organism performance. Most are diurnal, wan-
dering predators that ambush or actively pursue prey
(Jackson & Pollard, 1996). Despite their common
name, walking is the primary mode of locomotion in
most jumping spiders, with jumping largely reserved
for bridging gaps, attacking prey, rapid escape from
predators and other danger, and ritualized leaps
during intraspecific interactions. Males tend to roam
more than females, presumably in search of mates,
although females must routinely leave their nests
to hunt (Jackson, 1978, 1979; Hoefler & Jakob,
2006; Hoefler, 2007). Vigorous and highly ritualized
intraspecific interactions are common in jumping
spiders (Taylor, Hasson & Clark, 2000; Lim & Li, 2004;
Hoefler, 2007; Sivalinghem et al., 2010). Escalated
contests typically entail bouts of pushing, grasping,
and biting of a rival’s limbs and body, sometimes to
deadly effect (Wells, 1988; Taylor et al., 2001; Elias
et al., 2008). Unreceptive females commonly attack
courting males, which must then defend themselves or
flee (Jackson & Hallas, 1986; Taylor & Jackson, 1999).

Several recent studies of running speed and
climbing speed have included a jumping spider,
Jacksonoides queenslandica (Prenter et al., 2010a, b,
2012). However, as with other spiders, to date there
has been no investigation of links between morphol-
ogy and either endurance or strength, or potential
trade-offs involving these abilities. Examining rela-
tionships among performance traits will establish
whether they might be linked to the same underlying
physiology or morphology, or whether higher perfor-
mance in one trait compromises performance in
another. The present study takes a substantially
expanded view of whole-organism performance in
spiders, examining four performance traits, namely
vertical climbing, horizontal running, locomotor
endurance and pulling force (i.e. the force required to
pull a spider off a surface), in males of a common
Australian jumping spider, Servaea incana Karsch
(Fig. 1). We address: (1) relationships between mor-
phological measures and performance; (2) relation-
ships among performance traits; and (3) repeatability
of performances over short (1 day) and medium (up to
6 days) timescales. Measuring repeatability estab-
lishes the potential for selection on performance traits
(Boake, 1989; Lynch & Walsh, 1998) and validates
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experimental methods (Losos, Creer & Schulte, 2002).
Very few studies have examined the repeatability
of performance over periods longer than one day
(Oufiero & Garland, 2009), with only a single example
for spiders (Pruitt, 2010).

MATERIAL AND METHODS
MAINTENANCE

Adult male S. incana were collected from the trunks
of eucalypt trees in parks in Sydney, NSW, Australia,
between April 2009 and March 2010. Spiders were
maintained in a laboratory with controlled tempera-
ture (25 ± 1 °C) and humidity (70 ± 5%) under a
12 : 12 h light/dark cycle. Spiders were housed indi-
vidually in 1.125-L ventilated plastic cages with a
folded piece of paper for environmental enrichment
(Carducci & Jakob, 2000). Water was provided ad
libitum via a 5-mL vial attached to the base of the
cage, stoppered with a cotton dental wick that carried
moisture into the cage. Prior to the experiment,
spiders were provided three Queensland fruit flies
(Bactrocera tryoni) as food on a single day each week.

GENERAL METHODS

Performance trials were conducted under fluorescent
ceiling lighting supplemented with two 60-W full
spectrum incandescent bulbs (Crompton Lighting,
Sydney, Australia) positioned 0.5 m above the test
apparatus. To standardize feeding state, spiders
were offered two flies, two days before the trials.
The initial pair of flies, before the first day of trials,
was offered 5 days after a regular feeding day. Flies
were removed on the day before trials. The same 44
spiders took part in four types of performance trial:
running, climbing, endurance, and pulling force.
Each day that the trials took place was preceded by
2 days in which trials were not run: one for feeding
and one for fasting. The entire study spanned 24
days from the first day of feeding to the final trial.
The sequence of trials started with the first day of
climbing trials (day 3) followed by the first day of
running trials (day 6) and then the second days
of the climbing and running trials (days 9 and 12,
respectively). These were followed by the endurance
trials, one a day on three separate days (days 15,
18, and 21) and, finally, 1 day of pulling force trials
(day 24). This order of trials was chosen so that the
spiders took part in the putatively less demanding
trials first. Running and climbing trials comprise
short bursts of activity that are unlikely to affect
later performances, whereas endurance trials are
much more demanding. Pulling force trials required
the attachment of an apparatus to subjects, which
could result in permanent damage. Although
S. incana is able to jump, its normal mode of loco-
motion is by walking and spiders were not observed
to jump in any of the trials.

RUNNING

We measured maximum horizontal running speed of
male S. incana by making them run along a raceway
(Brandt & Andrade, 2007; Prenter et al., 2010b,
2012). Raceways were 700 mm in length and 50 mm
in width, with walls 50 mm high. They were con-
structed from white foam board and had a 240 grit
sandpaper base for traction. To begin each trial, a
spider was placed in a starting area (50 × 50 mm) at
one end of the raceway and was then chased with a
soft sable hair paintbrush over a distance of 600 mm
to an identical area at the other end. Spiders were
encouraged to run continuously by gently brushing
the hind legs if they paused. The time taken to run
600 mm was recorded with a digital stopwatch and
was used to calculate speed (mm s–1). These trials
were performed three times in one day with 3 h
between trials, and were repeated with the same
spiders 6 days later.

Figure 1. A male jumping spider, Servaea incana, ready
to perform in a pulling force trial. Photograph by Rowan
H. McGinley.
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CLIMBING

Maximum climbing speed was estimated using estab-
lished techniques (Brandt & Andrade, 2007; Prenter
et al., 2010b). Spiders were transferred to a 10-mm
staging area at the base of a vertical wooden dowel
(diameter 25 mm) that had been coated with textured
Spray Stone Paint (White Knight Paints). Using a
soft sable hair paintbrush, spiders were chased
250 mm to the top of the dowel. The time taken to
climb this distance was recorded with a digital stop-
watch and was used to calculate speed (mm s−1).
Spiders were encouraged to run continuously by
gently brushing the hind legs if they paused. Servaea
incana live on tree trunks, and readily climbed to the
top of the dowel. On the rare occasion that they did
not climb straight to the top of the dowel, spiders
were returned to their cages for at least 5 min before
re-running the trial. These trials were performed
three times in 1 day with 3 h between trials and were
repeated 6 days later with the same spiders. To vali-
date the use of manual timing, we confirmed strong
correlation between manual timing with timing taken
from video recordings of additional climbing trials
(r = 0.998, N = 22, P < 0.0001).

ENDURANCE

To examine endurance, we adapted general methods
used previously in both vertebrates and invertebrates
(Lailvaux, Alexander & Whiting, 2003; Lailvaux
et al., 2005). Spiders were forced to run continuously
around a circular raceway (diameter 185 mm, circum-
ference 580 mm), by chasing them with a soft-haired
paintbrush, until they were exhausted. In these
trials, the spiders almost always followed the outer
wall of the raceway and movement away from this
wall was rare. A spider was deemed to have reached
exhaustion when it failed to move despite being
repeatedly touched on the hind legs with the brush, or
it was unable to right itself, having collapsed onto its
dorsum. We recorded both time elapsed and distance
moved until exhaustion. Trials were performed three
times over 7 days, with 2 days of recovery between
trials.

PULLING FORCE

We assessed the pulling force of male S. incana
by adapting methods used previously in insects
(Lailvaux et al., 2005). A small piece of cork, approxi-
mately 1 × 1 × 2 mm, with a copper wire twisted into
the shape of a hook inserted at the top, was fixed to
the dorsal carapace of each spider using melted
beeswax (Fig. 1). A 1.2 m length of nylon fishing line
was tied at one end to the hook and at the other end
to a 15-mL plastic specimen jar. Spiders were placed

on a horizontal wooden dowel (diameter 2 mm), with
the fishing line running over a smooth aluminium rod
positioned 600 mm above the dowel, so that the speci-
men jar was hanging adjacent to the spider. Water
was gradually added to the specimen jar from a 3-mL
syringe, until the downward force exerted by the
weight of the water caused the spider to be pulled up
and off the dowel. We recorded the combined weight of
the specimen jar and water required to pull the spider
free of the dowel and later converted this value to
millinewtons. Trials were repeated three times on
each individual spider in 1 day, with 3 h of rest
between trials. Because spider motility and hunting
would be impeded by the cork and hook, and because
repeated removal and reapplication of the cork and
hook could cause damage, these trials were not
repeated over longer time scales.

MORPHOLOGICAL MEASURES

Each spider was photographed no less than 2 days
before any trials taking place with a ProgResC10
digital camera (Jenoptik LOS GmbH), focussed
through an Olympus SZX12 dissecting microscope. To
facilitate image capture, spiders were held still on the
lid of a Petri dish using clear plastic film (Glad
Products). We measured cephalothorax width and
length, as well as tibia length of the first leg (‘leg
length’), from digital images using IMAGEJ, version
1.36b (National Institute of Health). For each spider,
we measured the tibia that we were better able to
align with the Petri dish. Although it is relatively
easy to obtain measures of tibia length in live
S. incana, it is more difficult to obtain accurate meas-
ures of total leg length. However, we found a strong
correlation between tibia length and total leg
length for 44 deceased S. incana males (r = 0.968,
P < 0.0001), validating our general interpretation of
tibia length as a measure of overall leg length.
Spiders were also weighed to the nearest 1 mg, at the
end of each trial day with an electronic balance
(Model N595, Type AX200; Shimadzu Corporation)
and we used the mean weight across the trials
for analysis. Descriptive statistics for morphology of
the spiders used in this study are provided in
Table 1.

STATISTICAL ANALYSIS

Cephalothorax width and length were entered into a
principal components analysis to generate a PC1
score that provides an overall measure of size (sensu
Prenter et al., 2010a, b, 2012). We then calculated
relative tibia length by taking residuals from the
regression of tibia length on body size. These residu-
als comprise the portion of leg length that is not
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explained by variation in body size, allowing us to
examine how length of legs for a given body size is
related to performance. We were also interested in the
effect of mass after controlling for both body size and
leg length; such relative mass is often interpreted as
‘condition’ but also incorporates unmeasured size
dimensions (Prenter et al., 2012). We took residuals
from the regression of body mass on body size and
then used those residuals in a regression on residual
tibia length, calculated previously, to generate residu-
als that give a measure of relative mass after remov-
ing variation of both body size and leg length (Prenter
et al., 2012). To examine the morphological predictors
of performance, we performed multiple linear regres-
sions, using type III tests, entering body size, relative
leg length, and relative mass as predictors of perfor-
mance (Type I tests, with body size, leg length, and
mass as predictors, in that order, yielded closely
comparable results). When investigating predictors of
performance, we used the maximum performances to
minimize error from low motivation and submaximal
performances (Losos et al., 2002). Bivariate relation-
ships among performance traits were examined using
Pearson’s product moment correlations. Data for time
and distance until exhaustion in endurance trials
required log transformation to meet the require-
ments for parametric analysis. To quantify short-term

(within a day) repeatability of performances, we cal-
culated the intraclass correlation coefficients (Icc)
using the best two performances on that day (Brandt
& Andrade, 2007; Prenter et al., 2010b). To measure
repeatability of performances across days, we used
Pearson’s product moment correlations (Oufiero &
Garland, 2009). Regression analyses were performed
in JMP, version 5.0.1.2 (SAS Institute) and intraclass
correlation coefficients were calculated in SPSS,
version 16 (SPSS Institute). We present the mean ±
SD when describing raw distributions and the
mean ± SEM when estimating means.

RESULTS
RUNNING SPEED

The mean maximum running speed on the horizontal
runway was 145.6 ± 7.9 mm s−1. Running perfor-
mances were consistent throughout the trials
(Table 2), being highly repeatable within both days of
trials (day 1: Icc = 0.727, P < 0.0001; day 2: Icc = 0.773,
P < 0.0001), as well as between days (r = 0.636,
N = 44, P < 0.0001). Individual maximum speed on
the first day of trials was not significantly different
from the second day of trials (paired t-test: t43 = 0.865,
P = 0.392), indicating that sufficient time had been

Table 1. Summary of morphological data for the male Servaea incana used in the performance trials (N = 44)

Measurement Minimum Maximum Mean ± SD

Cephalothorax length (mm) 2.57 4.34 3.56 ± 0.39
Cephalothorax width (mm) 1.94 3.50 2.83 ± 0.31
Tibia length (mm) 1.07 2.33 1.71 ± 0.25
Mean weight (mg) 19.88 101.63 53.64 ± 17.10

Table 2. Performances of male Servaea incana (N = 44) over the different days of trials (mean ± SEM)

Day 1 Day 2 Day 3

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3

Running speed
(mm s−1)

102.5 ± 7.6 108.3 ± 6.1 98.3 ± 7.0 117.9 ± 8.1 101.8 ± 6.5 104.1 ± 6.6

Climbing speed
(mm s−1)

109.8 ± 8.0 115.8 ± 9.6 114.1 ± 6.8 118.5 ± 8.4 108.2 ± 7.6 114.2 ± 8.8

Time to
exhaustion (s)

202.56 ± 33.14 102.96 ± 16.97 114.29 ± 16.46

Distance to
exhaustion (m)

8.55 ± 1.02 4.75 ± 0.41 5.72 ± 0.47

Pulling force
(mN)

25.91 ± 1.22 27.94 ± 1.12 27.85 ± 1.22

Performances were generally consistent across the running, climbing, and pulling force trials. However, performances in
endurance tests decreased significantly after the first trial.
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available for recovery. Running speed increased with
body size (Fig. 2) and showed no evidence of a rela-
tionship with relative leg length or relative mass
(Table 3).

CLIMBING SPEED

Spiders climbed up poles at a mean maximum speed
of 151.7 ± 9.6 mm s−1. Climbing speed was highly
repeatable within both days of trials (day 1:
Icc = 0.799, P < 0.0001; day 2: Icc = 0.852, P < 0.0001),
as well as between days (r = 0.803, N = 44,
P < 0.0001). Individual maximum speed on the first
day of trials was not significantly different from that
on the second day of trials (paired t-test: t43 = 0.239,
P = 0.813), again indicating that sufficient time had
been available for recovery. Maximum climbing speed
increased with both body size and relative mass but
showed no evidence of relationship with relative leg
length (Fig. 3, Table 3).

ENDURANCE

Mean maximum time taken to exhaust spiders in
circular runways was 239.35 ± 33.92 s and the mean
maximum distance travelled before exhaustion was
9.76 ± 1.01 m. The time taken to exhaust spiders
was repeatable between the first and second trial
(r = 0.539, N = 44, P = 0.0002) but not between the
second and third trial (r = 0.182, N = 44, P = 0.236),
nor between the first and third trial (r = 0.107,
N = 44, P = 0.490). Similar results were obtained for
the repeatability of distance travelled before exhaus-
tion (trials 1 and 2: r = 0.408, N = 44, P = 0.0059;
trials 2 and 3: r = 0.084, N = 44, P = 0.587; trials 1
and 3: r = 0.129, N = 44, P = 0.406). Twenty-seven

spiders (61.36%) ran the furthest distance in the first
trial, five (11.36%) ran the furthest distance in the
second trial and twelve (27.27%) ran the furthest
distance in the third trial. Both the time and distance
until exhaustion were significantly higher in the first
trial than the second and third trials (Fig. 4). These
results indicate that spiders did not fully recover
their endurance capacity between trials, even when
provided 2 days to rest. We found no significant
predictors of time until exhaustion, however, relative
mass was positively related to the distance travelled
before exhaustion (Fig. 5, Table 3).

PULLING FORCE

Spiders were able to resist an average maximum
upward force of 31.10 ± 1.05 mN before being pulled
off the wooden dowel. Maximum pulling force was
highly repeatable within the single day of testing
(Icc = 0.796, P < 0.0001). Both body size and relative
leg length predicted pulling force (Table 3), with
larger spiders and those with long legs for their size
being able to resist stronger forces (Fig. 6).

RELATIONSHIPS AMONG PERFORMANCE MEASURES

The relationships among performance traits are sum-
marized in Table 4. Maximum running speeds on
horizontal runways were positively correlated with
vertical climbing speed (Fig. 7) and both had similar
positive relationships with pulling force (Fig. 8).
Running and climbing speeds were both negatively
correlated with the time to exhaustion (Fig. 9), sug-
gesting a trade-off between speed and endurance
capacity. The two measures of endurance (distance
travelled and time elapsed before exhaustion) were
strongly correlated (Table 4).

DISCUSSION

High repeatability in running and climbing speed in
the present study confirms individually characteristic
locomotor traits through which selection may act
to influence fitness and morphology in S. incana
jumping spiders, and matches recent findings for
other spiders (Brandt & Andrade, 2007; Pruitt, 2010;
Pruitt & Husak, 2010; Prenter et al., 2010b, 2012).
Although individual spiders were very consistent in
running and climbing trials (short and medium term)
and tests of pulling force (short term), they showed
low repeatability for endurance performance owing to
a sharp decrease in performance after the first trial
(Fig. 4). Spiders are characterized by rapid fatigue
and slow recovery from activity (Prestwich, 1988a),
although failure to recover even after 2 days of rest
is extraordinary. Previous studies of endurance by

50

100

150

200

250

300

-4 -3 -2 -1 0 1 2 3

R
u

n
n

in
g

 s
p

ee
d

 (
m

m
s 

 )

Body size (PC1)

-1

Figure 2. Partial regression plot showing size-dependent
performance in male Servaea incana. Body size (PC1) was
positively related to running speed.
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exhaustion in arthropods have only performed a
single trial for each individual, offering no estimate
of repeatability or recovery (Ramos, Irschick &
Christenson, 2004; Lailvaux et al., 2005). Investiga-
tions of repeatability in endurance by exhaustion in
spiders may require substantial intervals between
repetitions (Dohm, 2002), if complete recovery occurs
at all. Accurate short term estimates of endurance
repeatability may be possible through techniques that
stop short of exhaustion, such as direct measurement
of metabolic rates (e.g. heart rate: Coelho & Amaya,
2000; respirometry: Prestwich, 1983), in combination
with treadmills (Schmitz, 2005) or fixed distance runs
(Mowles et al., 2010).

TRADE-OFFS BETWEEN PERFORMANCE TRAITS

Individual S. incana with high running and climbing
speeds tended to have low endurance capacity (and
vice versa) (Fig. 9); this appears to be the first study
to provide evidence of a trade-off between speed and
endurance in an invertebrate. Climbing and running
speeds were both negatively correlated with the time
elapsed to exhaustion. We found no evidence that
this apparent speed-endurance trade-off results from
gross morphological constraints. Although running
speed increased with body size and was not related to
relative mass, endurance capacity was quite the oppo-
site; positively related to relative mass and unrelated
to body size.

Trade-offs between maximal running speed and
endurance capacity are well known in vertebrates,
and have been attributed to anatomical constraints or
the abundance of different muscle fibre types (lizards:

Bonine, Gleeson & Garland, 2001; Vanhooydonck, Van
Damme & Aerts, 2001; fish: Reidy, Kerr & Nelson,
2000; Langerhans, 2009; humans: Bottinelli &
Reggiani, 2000; Van Damme et al., 2002). Less is
known about invertebrate muscle fibre types. Slow
and fast twitch muscle fibres similar to those found in
vertebrates have been identified in the walking legs of
crabs (Perry et al., 2009), scorpions (Wolf & Harzsch,
2002), the wandering spider Cupiennius salei (Maier,
Root & Seyfarth, 1987), and the tarantula Eurypelma
californicim (Paul et al., 1991). Leg muscles of the
wandering spider C. salei have few mitochondria
to sustain aerobic respiration (Linzen & Gallowitz,
1975), and the dominant fibres present are analogous
to vertebrate fast-twitch fibres (Maier et al., 1987)
that use anaerobic metabolism to generate short,
powerful bursts of action but fatigue rapidly. Varia-
tion in aerobic and anaerobic capacity may therefore
underlie the trade-off between individual ability for
speed and endurance in S. incana. Low levels of
aerobic metabolism in spiders are considered to rep-
resent an adaptation for surviving extended periods
of starvation (Anderson, 1974); however, this may
come at the cost of reduced endurance capacity and
help explain the intermittent mode of locomotion typi-
cally adopted by spiders (Kramer & McLaughlin,
2001). Intermittent locomotion is thought to improve
endurance by facilitating partial recovery during
pauses.

An alternative explanation is that the observed
relationships between speed and endurance are a
result of the order in which the trials were carried
out. All of the short running and climbing trials were
carried out before the endurance trials, so that

Table 3. Relationships between performance capacity and morphology in male Servaea incana

Performance trait Variable Estimate Error F1,40 P

Running speed Body size (PC1) 15.60 5.32 8.60 0.0055
Relative leg length 66.22 69.21 0.92 0.3444
Relative mass 0.91 1.83 0.25 0.6202

Climbing speed Body size (PC1) 15.15 6.32 5.75 0.0212
Relative leg length 67.07 82.17 0.67 0.4192
Relative mass 4.94 2.17 5.18 0.0282

Ln time to exhaustion Body size (PC1) –26.66 24.39 1.21 0.2784
Relative leg length 20.57 56.79 0.05 0.8275
Relative mass 16.71 8.08 2.27 0.1398

Ln distance to exhaustion Body size (PC1) 0.02 0.05 0.09 0.7683
Relative leg length –0.18 960.73 0.07 0.7879
Relative mass 0.05 0.02 9.26 0.0041

Pulling force Body size (PC1) 3.54 0.50 49.48 < 0.0001
Relative leg length 17.38 6.55 7.03 0.0114
Relative mass 0.18 0.17 1.08 0.3060

All estimates are from multiple linear regressions, using type III sums of squares. Significant regressions are shown in bold.
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perhaps the spiders that ran fastest in the short
trials could have already been tired for the exaus-
tion trials. However, each spider took part in 12 of
these trials, over a 10-day period, and there was no
evidence that the earlier trials had an influence on
performance in later trials (Table 2). Thus, we expect
that these trials will have had a minimal effect upon
endurance capacity, if any at all.

LINKS BETWEEN MORPHOLOGY AND

WHOLE-ORGANISM PERFORMACE

The present study suggests performance advantages
for large size, relatively long legs, and high relative
mass in male S. incana jumping spiders. Larger
spiders were faster on both the horizontal and verti-
cal surfaces and also had greater pulling force than
smaller spiders. The positive relationship between
body size and running speed in S. incana males

(Fig. 2) is consistent with those identified in several
other spiders that live on the ground or in low foliage,
including other jumping spiders (Brandt & Andrade,
2007; Prenter et al., 2010b). Running speed has
also been related to body size in the jumping
spider, Jacksonoides queenslandica. However, unlike
S. incana, J. queenslandica males showed a positive
relationship between relative leg length and climb-
ing speed; no relationship between relative mass
and maximum running speed; and no relation-
ship between running and climbing speed (Prenter
et al., 2010a, b). Species differences in relationships
between performance and morphology may reflect
adaptations to specific habitats, as in Anolis lizards
(Calsbeek & Irschick, 2007). Servaea incana are
rarely found away from tree trunks, whereas
J. queenslandica often inhabit large boulders and
ledges (Jackson, 1988) and these differences in
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Figure 3. Partial regression plots showing the morpho-
logical predictors of vertical climbing speed. Climbing
speed increased with both (A) body size (PC1) and
(B) relative mass, after controlling for size and relative leg
length, in male Servaea incana.
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habitat may have evolutionary implications for per-
formance. Although S. incana is a quite stout and
short-legged spider, J. queenslandica is comparatively
gracile, and these overall species differences in shape
may have implications for how each dimension of size
and shape influences performance.

We can expect that there are fitness benefits for
being large because large size is associated with supe-
rior performance. Assays of running and climbing
speed as performed in the present study are assumed
to assess the ability to flee from predators and other
hazards (Prenter et al., 2010b) or chase down prey.
Most jumping spiders are cursorial hunters (Forster,
1977) and strength is particularly relevant for
restraint of prey (Clarke, 1986). Owing to their
greater speed and strength, we may expect large
spiders to be more adept at prey capture. Whole-
organism performance is correlated with success in
intrasexual contests in some animal groups (Huyghe
et al., 2005; Lailvaux & Irschick, 2007; Mowles et al.,
2010). In the dung beetle, Euoniticellus intermedius,
horn length is a strong predictor of both pulling force
and fighting ability (Lailvaux et al., 2005). Jumping
spiders also commonly engage in apparent ‘trials of
strength’ during escalated contests, pushing against
one another (Taylor & Jackson, 1999; Taylor et al.,
2001); therefore, the ability to grasp onto a surface
and resist being pushed or pulled off may influence
contest outcomes. Both size and relative leg length
predict pulling force in S. incana males, and are also
common predictors of fighting ability in jumping
spiders (Wells, 1988; Faber & Baylis, 1993; Taylor
et al., 2001; Taylor & Jackson, 2003; Elias et al., 2008;
Tedore & Johnsen, 2012); therefore, the advantage of

a large body size and long legs evident in jumping
spider contests likely arises from the links between
these morphological measures and strength (Fig. 6).

Given that small spiders are slower and weaker,
and by implication may not be as successful at prey
capture, predator escape, and intraspecific contests,
what compensating factors might promote the wide
range of sizes recorded in S. incana (Table 1) and the
maintenance of small size? Perhaps large and small
spiders are more adept at capturing different types
of prey. Large size is sometimes associated with
increased viability costs as a result of a longer devel-
opment time. Female jumping spiders commonly have
reduced receptivity after their first mating and are
suggested to exhibit first male sperm priority pat-
terns (Jackson, 1980). For species with distinct
seaonality, maturing at a particular time of year,
males may have a mating advantage if they mature
early in the season when virgin females are
more abundant than less receptive mated females.
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However, to mature early may also mean developing
quickly and maturing with a small size (Maklakov,
Bilde & Lubin, 2004). Small spiders might also be
favoured by reduced conspicuousness to enemies
(Vollrath & Parker, 1992; Blanckenhorn, 2000).

A low mass has been hypothesized to be advanta-
geous in spiders when moving against gravity
(Moya-Larano et al., 2009; Corcobado et al., 2010).
Contradicting the ‘gravity hypothesis’, larger male
S. incana and those heavier for their size climbed
faster (Prenter et al., 2010b). As we averaged indi-
vidual mass across trials and feeding experience
was standardized, our measure of relative mass is
unlikely to represent variation in gut contents or
recent feeding history. Differences in relative mass
may largely represent variation in overall condition
(Jakob, Marshall & Uetz, 1996), reflecting longer-
term energy stores and/or muscle mass. Thus, it
appears that spiders in better condition were able to
pull themselves against gravity more effectively,
despite their greater relative mass.

The present study brings the evolutionary trade-
offs of jumping spider performance capacity into
focus, illustrating the complexity of forces at play

with respect to defining the performance capacity of
individuals. Performance and morphology are inter-
twined such that selection for one will commonly lead
to evolution of the other. For example, selection for
small size may lead to reduced strength and slower
running speed in a population. Different dimensions
of performance are similarly intertwined; selection for
fast running speeds may lead to poor endurance.

Table 4. Pearson’s product moment correlations (r) between pairs of different measures of performance in male
Servaea incana

Climbing
speed

Ln time to
exhaustion

Ln distance to
exhaustion

Pulling
force

Running speed 0.473 −0.421 −0.250 0.393
Climbing speed −0.299 −0.046 0.324
Ln time to exhaustion 0.884 −0.098
Ln distance to exhaustion 0.048

Values in bold indicate statistically significant correlations (α = 0.05, two-tailed tests, N = 44).
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Figure 8. Bivariate relationships between pulling force
and (A) climbing and (B) running performance. Both meas-
ures of speed were positively correlated with pulling force.
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Little is known about the mechanisms that under-
lie relationships between morphology and whole-
organism performance in spiders. The investigation of
these underlying mechanisms, as well as the selection
forces that drive them, is required to understand
the evolutionary constraints on morphology and
performance.
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