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SUMMARY
Carbon turnover differs between tissues within an animal, but the extent to which ecologically relevant increases in metabolism
affect carbon turnover rates is largely unknown. We tested the energy expenditure and protein turnover hypotheses that predict
increased carbon turnover, either in association with increased daily energy expenditure, or in concert with tissue-specific
increased protein metabolism. We used stable-isotope-labeled diets to quantify the rate of carbon turnover in 12 different tissues
for three groups of zebra finches (Taeniopygia guttata): cold-exposed birds kept at ambient temperatures below their
thermoneutral zone, exercised birds that were flown for 2h per day in a flight arena, and control birds that were kept at ambient
temperatures within their thermoneutral zone and that were not exercised. We found that increases in metabolism associated with
cold-exposure but not exercise produced measurable increases in carbon turnover rate of, on average, 2.4±0.3days for pectoral
muscle, gizzard, pancreas and heart, even though daily energy intake was similar for exercised and cold-exposed birds. This
evidence does not support the energy expenditure hypothesis, and we invoke two physiological processes related to protein
metabolism that can explain these treatment effects: organ mass increase and tissue-specific increase in activity. Such changes
in carbon turnover rate associated with cold temperatures translate into substantial variation in the estimated time window for
which resource use is estimated and this has important ecological relevance.
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MATERIALS AND METHODS
Animals and diets
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Food and feces measurement
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%)'<=-1&'($'?$#N%#)&>#(1,2$,(<$-'(1)'2$.&)<+$4JP8$&(<&;&<=,2+$%#)
*)'=%:$.#1@##($<,/+8$,(<$E8$'?$1"#$#N%#)&>#(13$L&)<+$@#)#$"'=+#<
&(<&;&<=,22/$?')$1@'$-'(+#-=1&;#$<,/+$<=)&(*$@"&-"$@#$>#,+=)#<
<,&2/$?''<$&(1,B#$./$+=.1),-1&(*$1"#$)#>,&(&(*$?''<$&($1"#$-,*#$&(
1"#$#;#(&(*$?)'>$1"#$,>'=(1$'?$?''<$'??#)#<$&($1"#$>')(&(*3$L&)<
#N-)#1,$@#)#$-'22#-1#<$?)'>$%2,+1&-T-',1#<$%,%#)$,(<$S=,(1&?&#<$,+
#N-)#1,$%)'<=-#<$<=)&(*$ER"3$_''<$,(<$#N-)#1,$@#)#$<)&#<$,1$JHdA
,(<$1"#($#(#)*/$<#(+&1/$'?$?''<$,(<$#N-)#1,$@,+$>#,+=)#<$=+&(*
.'>.$ -,2')&>#1)/$ 4L'>.$ -,2')&>#1#)5$ F'<#2$ A]HHH5$ YXGT
G(,2/+#1#-"(&B5$D#&1#)+"#&>5$g#)>,(/:3$n#.),$?&(-"#+$)#>';#$1"#
"=+B$,(<$'(2/$&(*#+1$1"#$+##<3$M#$S=,(1&?&#<$1"#$#(#)*/$-'(1#(1$'?
1"#$ "=+B$ ?),-1&'($ ,(<$ -,2-=2,1#<$ 1"#$ #(#)*/$ &(1,B#$ ?')$ 1"#$ ?''<
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@&1"'=1$"=+B3$M#$-,2-=2,1#<$,%%,)#(1$>#1,.'2&0,.2#$#(#)*/$&(1,B#
4GFfY:$%#)$<,/$?')$#N%#)&>#(1,2$*)'=%+$,+`

GFfY$ 47&(1,B# ! )&(1,B#:$P$47#N-)#1, ! )#N-)#1,:$5 46:

@"#)#$47&(1,B#C$&($Bk*P6 ?''<:$&+$1"#$#(#)*/$<#(+&1/$'?$?''<$-'))#-1#<
?')$ 1"#$"=+B+5$ 47#N-)#1,C$ &($Bk*P6 #N-)#1,:$ &+$ 1"#$ #(#)*/$<#(+&1/$'?
#N-)#1,5$,(<$)&(1,B# ,(<$)#N-)#1, ,)#$<,&2/$?''<$&(1,B#$4*<,/P6:$,(<
<,&2/$ #N-)#1,$ %)'<=-1&'($ 4*<,/P6:5$ )#+%#-1&;#2/$ 4K#);#22'$ #1$ ,235
EHHI:3

Carbon turnover
K#;#),2$)#-#(1$+1=<&#+$",;#$#>%",+&0#<$1",1$&+'1'%&-$&(-')%'),1&'(
&(1'$ +'>#$ 1&++=#+$ &+$ .#+1$ <#+-)&.#<$./$>=21&T-'>%,)1>#(1$>'<#2+
),1"#)$1",($+1,(<,)<$'(#T-'>%,)1>#(1$>'<#2+$@&1"$?&)+1T')<#)$),1#
B&(#1&-+$4A#)2&(*$#1$,235$EHH]C$A,)2#1'($#1$,235$EHH8C$F,)1&(#0$<#2$Z&'
,(<$G(<#)+'(TK%)#-"#)5$EHH8C$F,)1&(#0$<#2$Z&'$#1$,235$EHH8C$X=)2#5
EHH7C$M'2?$#1$,235$EHH7:5$+'$@#$#>%&)&-,22/$<#1#)>&(#<$1"#$.#+1T?&1
>'<#2$?')$#,-"$1&++=#$,+$)#-'>>#(<#<$4#3*3$A,)2#1'($#1$,235$EHH8C
L,=-"&(*#)$,(<$F-M&22&,>+5$EHH7:3$M#$?&11#<$-,).'($&+'1'%&-$;,2=#+
?')$#,-"$')*,($,(<$#N%#)&>#(1,2$*)'=%$';#)$1&>#$+&(-#$<&#1$+@&1-"
1'$,$'(#T$,(<$,$1@'T-'>%,)1>#(1$('(T2&(#,)$>'<#2$1'$,++#++$@"&-"
'?$1"#$>'<#2+$@,+$.#+1$+=%%')1#<3$!"#$'(#T-'>%,)1>#(1$>'<#2$@,+
,$+1,(<,)<$?&)+1T')<#)$B&(#1&-$?=(-1&'(`$21 2"o"#4P*8":5$@"#)#$21 &+$1"#
>#,+=)#<$!69A$'?$1&++=#$&($e$,1$1&># *C$2" &+$1"#$#+1&>,1#<$?&(,2$!69A
'?$1&++=#$,?1#)$1"#$+@&1-"$?)'>$,$AR 1'$,$A9 <&#1$&($%,)1+$%#)$1"'=+,(<C
" &+$1"#$#+1&>,1#<$),(*#$&($!69A$.#1@##($<&#1+$&($%,)1+$%#)$1"'=+,(<C
" &+$1"#$#+1&>,1#<$,;#),*#$-,).'($)#1#(1&'($1&>#$&($<,/+$4,$>#,+=)#
=+#<$1'$<#+-)&.#$1"#$),1#$'?$-,).'($1=)(';#):C$,(<$* &+$1&>#$&($<,/+
+&(-#$1"#$<&#1$+@&1-"$4F,)1&(#0$<#2$Z&'$,(<$M'2?5$EHHI:3$!"#$1@'T
-'>%,)1>#(1$>'<#2$@,+$+&>&2,)$1'$1",1$)#-'>>#(<#<$./$F,)1&(#0
<#2$Z&'$,(<$G(<#)+'(TK%)#-"#)$ 4F,)1&(#0$<#2$Z&'$,(<$G(<#)+'(T
K%)#-"#)5$EHH8:$,(<$=+#<$./$A,)2#1'($#1$,23$4A,)2#1'($#1$,235$EHH8:`
21 2"o"419:#4P*Q"6:o"49:1E:#4P*Q"E:5$@"#)#$1 &+$1"#$?),-1&'(,2$+&0#$'?$#,-"
V%''2W$ 4A#)2&(*$ #1$ ,235$ EHH]:$ ')$ V%",+#W$ 4F,)1&(#0$ <#2$ Z&'$ ,(<
G(<#)+'(TK%)#-"#)5$EHH8:3$Y($'=)$,%%2&-,1&'($'?$1@'T-'>%,)1>#(1
>'<#2+5$16 ,(<$1E ,)#$=+#<$1'$<#+-)&.#$1"#$?),-1&'(,2$+&0#$'?$%''2+
'(#$ ,(<$ 1@'5$ ,(<$ "6 ,(<$ "E *&;#$ 1"#$ ,++'-&,1#<$ ,;#),*#$ -,).'(
)#1#(1&'($ 1&>#$ '?$ #,-"$ %''23$ M#$ #+1&>,1#<$ 1"#$ ,;#),*#$ -,).'(
)#1#(1&'($1&>#$?')$'(#T-'>%,)1>#(1$>'<#2+$,+$"'(#T-'>% ,(<$1",1$?')
1@'T-'>%,)1>#(1$>'<#2+$,+`$"1@'T-'>% 1"6o46:1:"E 4A,)2#1'($#1$,235
EHH8:3
_')$-'(1)'2$.&)<+5$@#$=+#<$1"#$>#,+=)#<$-,).'($&+'1'%#$;,2=#+

?')$ #,-"$ ')*,($ ?)'>$ .&)<+$ +,>%2#<$ '($ <,/H$ 1'$ <,/EIJ3$ _')
#N#)-&+#<$,(<$-'2<$*)'=%$.&)<+5$@#$=+#<$1"#$>#,+=)#<$-,).'($&+'1'%#
;,2=#+$ ?')$ #,-"$ ')*,($ ?)'>$ -'(1)'2$ .&)<+$ +,>%2#<$ '($ <,/H5
&>>#<&,1#2/$.#?')#$1"#$<&#1$+"&?15$1"#$,%%)'%)&,1#$#N%#)&>#(1,2$.&)<+
+,>%2#<$ '($ <,/6$ 1'$ <,/IJ5$ ,(<$ -'(1)'2$ *)'=%$.&)<+$ +,>%2#<$ '(
<,/+6E8$,(<$EIJ3$!"&+$%)'-#<=)#$,++=>#+$1",1$1)#,1>#(1$.&)<+$@#)#
&(&1&,22/$+&>&2,)$1'$-'(1)'2+$,(<$1",1$6E8<,/+$&+$,<#S=,1#$1&>#$?')
-,).'($ &+'1'%#$;,2=#+$'?$ 1"#+#$')*,(+$ 1'$ )#,-"$,+/>%1'1&-$;,2=#+
)#*,)<2#++$'?$1)#,1>#(1$-'(<&1&'(3$!"&+$,++=>%1&'($&+$j=+1&?&#<$*&;#(
%=.2&+"#<$#+1&>,1#+$'?$-,).'($1=)(';#)$),1#$4A,)2#1'($#1$,235$EHH8:
,+$@#22$ ,+$ '=)$ '@($ 4L,=-"&(*#)$ ,(<$F-M&22&,>+5$ EHH7:5$ @"&-"
+=**#+1$ 1",1$p7Hq$'?$1&++=#$-,).'($&+$)#%2,-#<$./$6E8<,/+$&($,22
')*,(+$ #N-#%1$ ?')$ +B&($ ,(<$ .),&(3$ !"#$ ('(T2&(#,)$ )#*)#++&'(
,2*')&1">+$ ,2@,/+$ ?'=(<$ ,$ 2'-,22/$ '%1&>,2$ '(#T$ ,(<$ 1@'T
-'>%,)1>#(1$>'<#2$?')$,22$1&++=#+3$D'@#;#)5$.),&($,(<$+B&($-,).'(
;,2=#+$&($-'(1)'2$.&)<+$",<$('1$)#,-"#<$,($,+/>%1'1#$,?1#)$EIJ<,/+
,(<$ 1"&+$ )#+=21#<$ &($=()#,+'(,.2#$#+1&>,1#+$'?$ ?&(,2$!69A$'?$ 1"#+#
1&++=#+$ 42":$ 1",1$ @#)#$ >')#$ (#*,1&;#$ 1",($ 1",1$ '?$ <&#1
4!69A :EJ39cH3IHe:3$!"=+5$?')$.),&($,(<$+B&($@#$)#%')1$%,),>#1#)
#+1&>,1#+$ ?)'>$ 1@'T-'>%,)1>#(1$ >'<#2+$ @&1"$ 1"#+#$ -'(+1),&(1+`

U. Bauchinger and others

2"p:ER3Ie$ !69A$ ,(<$ ,$ p663Ie$ !69A$ 4,++=>&(*$ r63Ie
<&+-)&>&(,1&'($?)'>$<&#1:3$_')$1"#$<,1,$+#1$'?$+>,22$&(1#+1&(#$#N#)-&+#
*)'=%$,(<$?2&*"1$>=+-2#$-'2<$*)'=%$@#$)#>';#<$'(#$'=12&#)$<#?&(#<
./$1"#$%)'*),>$4+1=<#(1&+#<$)#+&<=,2$ E3I:5$,?1#)$@"&-"$-=);#$?&11&(*
-'=2<$.#$%#)?')>#<$@&1"'=1$,<<&(*$,(/$-'(+1),&(1+3$a&B#@&+#5$@#
)#>';#<$ '(#$ '=12&#)$ ?')$ 1"#$ %,(-)#,+$ ,(<$ +B&($ <,1,$ +#1$ ?)'>
+,>%2&(*$<,/H3
M#$-'>%,)#<$GYA$4GB,&B#$&(?')>,1&'($-)&1#)&'(:$?')$+>,22$+,>%2#

+&0#+$[#GYA- 4L=)(",>$,(<$G(<#)+'(5$EHHE:^$?')$'(#T$;$%#-# 1@'T
-'>%,)1>#(1$ >'<#2+$ ?')$ #,-"$ 1&++=#$ 1'$ <#?&(#$ 1"#$ .#+1T+=%%')1#<
>'<#23$L=)(",>$,(<$G(<#)+'($4L=)(",>$,(<$G(<#)+'(5$EHHE:$=+#<
#GYA- GYA&PGYA>&( ,+$,($#+1&>,1#$'?$1"#$&(?')>,1&'($2'++$'?$,$>'<#2
4&:$-'>%,)#<$@&1"$1"#$#+1&>,1#<$.#+1$>'<#2$4>&(:3$!"#$?=)1"#)$#GYA-
<#;&,1#+$ ?)'>$H5$ 1"#$ 2#++$ +=%%')1#<$ &+$ 1"#$ )#+%#-1&;#$>'<#23$ Y($ 1"#
),(*#$H:E5$.'1"$>'<#2+$",;#$+=.+1,(1&,2$ +=%%')15$ &($ 1"#$ ),(*#$R:]
>'<#2$4&:$",+$-'(+&<#),.2/$2#++$+=%%')1$,(<$>'<#2+$@&1"$;,2=#+$,.';#
6H$,)#$('1$+=%%')1#<$4L=)(",>$,(<$G(<#)+'($EHHE:3$M"#($#GYA-pE5
@#$-"'+#$1"#$>'<#2$@&1"$1"#$"&*"#)$2#;#2$'?$+=%%')13$Y?$#GYA-$?')$,
*&;#($1&++=#$&(<&-,1#<$"&*"$2#;#2$'?$+=%%')1$?')$'(2/$'(#$'?$1"#$=+#<
>'<#2+$?')$,1$2#,+1$'(#$'?$1"#$*)'=%+$@#$=+#<$1"&+$>'<#2$?')$%,),>#1#)
#+1&>,1&'($?')$,22$1")##$*)'=%+5$#;#($&?$#GYA-$&(<&-,1#<$#S=,22/$"&*"
+=%%')1$?')$.'1"$>'<#2+3$!"&+$%)'-#<=)#$,22'@#<$=+$1'$-'>%,)#$"T
;,2=#+$#+1&>,1#<$ ?')$ ,$ +%#-&?&-$ 1&++=#$ ?)'>$ 1"#$ +,>#$>'<#2$ ?')$ ,22
1")##$*)'=%+3$A"''+&(*$1"#$+,>#$>'<#2$?')$%,),>#1#)$#+1&>,1&'($&+
&>%')1,(1$.#-,=+#$1@'T-'>%,)1>#(1$>'<#2+$1#(<$1'$)#+=21$&($"&*"#)
"T;,2=#+$ -'>%,)#<$ @&1"$ '(#T-'>%,)1>#(1$ >'<#2+5$ #+%#-&,22/$ ?')
1&++=#+$ @&1"$ ,$ ?,+1#)$ -,).'($ 1=)(';#)$ ),1#$ 4A,)2#1'($ #1$ ,235$ EHH8C
L,=-"&(*#)$,(<$F-M&22&,>+5$EHH7:3$M#$)#*)#++#<$,;#),*#$)#1#(1&'(
1&>#$#+1&>,1#+$?)'>$'(#T$,(<$1@'T-'>%,)1>#(1$>'<#2+$1'$-'>%,)#
1=)(';#)$),1#$#+1&>,1#+$.#1@##($>'<#2+3
K1,(<,)<$ #))')+$ ?')$ " ?)'>$ 1"#$ 1@'T-'>%,)1>#(1$>'<#2+$@#)#

<#)&;#<$ ,--')<&(*$ 1'$ F,)1s(#0$ <#2$ Z&'$ ,(<$ G(<#)+'(TK%)#-"#)
4F,)1s(#0$<#2$Z&'$,(<$G(<#)+'(TK%)#-"#)5$EHH8:5$,(<$@#$#+1&>,1#<
1"#$7Iq$-'(?&<#(-#$&(1#);,2$'?$1"#$#+1&>,1#+$,+$1"#$-)&1&-,2$;,2=#$'?
1"#$ *T<&+1)&.=1&'($@&1"$ H3HI$>=21&%2&#<$./$ 1"#$ +1,(<,)+$#))')$'?
1"#$ #+1&>,1#$ 4K'B,2$ ,(<$Z'"2?5$ EHHH:3$M&2-'N'($ +&*(#<T),(B$ 1#+1
@,+$ =+#<$ 1'$ 1#+1$ ?')$ ,$ -'(+&+1#(1$ <&??#)#(-#$ &($ " .#1@##($ *)'=%+
,-)'++$,22$ 1#($1&++=#+3$L/$=+#$'?$1"&+$1#+1$@#$-'=2<$-'(1)'2$?')$1"#
"#1#)'*#(#&1/$&($"T;,2=#+$,-)'++$1&++=#+$,(<$#,-"$1&++=#$&+$@#&*"#<
+&>&2,)2/3$M#$=+#<$GiAOtG$1'$1#+1$?')$<&??#)#(-#+$&($" .#1@##(
*)'=%+$?')$#,-"$'?$1"#$1#($1&++=#+$[n,)$%%3$9]HT9]6$4n,)5$6777:^3
M#$=+#<$GiOtG$1'$1#+1$?')$<&??#)#(-#+$&($?''<$&(1,B#$,(<$GFfY

.#1@##($1"#$*)'=%+$,(<$GiAOtG$@&1"$-'))#-1&'($?')$1,)+=+$2#(*1"
,+$>#,+=)#>#(1$ '?$ +1)=-1=),2$ +&0#$ 1'$ 1#+1$ ?')$ <&??#)#(-#+$ &($ .'</
>,++$,(<$1&++=#$>,++$.#1@##($*)'=%+3$G22$+1,1&+1&-,2$,(,2/+#+$@#)#
%#)?')>#<$ =+&(*$ KYgFGmaO!$ 4;#)+&'($ 6H3H:$ ,(<$ K\K!G!
4;#)+&'($6E3H:3

RESULTS
Body mass and tissue mass

fN#)-&+#5$ -'2<$ ,(<$ -'(1)'2$ 1)#,1>#(1$ ",<$('$ +&*(&?&-,(1$ #??#-1$ '(
+&0#T-'))#-1#<$.'</$>,++$>#,+=)#<$'($<,/9E$,(<$.&)<+$'($,;#),*#
>,&(1,&(#<$.'</$>,++$<=)&(*$1"#$J@##B+$'?$#N#)-&+#5$-'2<5$')$-'(1)'2
1)#,1>#(1$4!,.2#6:3$O?$1"#$1#($1&++=#+$?')$@"&-"$@#$>#,+=)#<$<)/
>,++5$'(2/$*&00,)<$,(<$%,(-)#,+$@#)#$"#,;&#)$ &($-'2<T,--2&>,1#<
.&)<+$-'>%,)#<$@&1"$#N#)-&+#<$.&)<+$4!,.2#6:3

Food intake and AMEI
b,&2/$ ?''<$ &(1,B#$ @,+$ +&*(&?&-,(12/$ <&??#)#(1$ .#1@##($ 1"#$ 1")##
*)'=%+$ 4GiOtG$<E596 I63H5$!uH3HH6:$@&1"$ -'2<T,--2&>,1#<$ ,(<
#N#)-&+#<$ .&)<+$ #,1&(*$ 6H8q$ ,(<$ 6R7q5$ )#+%#-1&;#2/5$ >')#$ '(
,;#),*#$ 1",($ -'(1)'2$ .&)<+$ 4_&*36:3$ b,&2/$ ?#-#+$ %)'<=-1&'($ @,+



529Faster carbon turnover during cold exposure

H396cH36R*<,/P6 ?')$ 1"#$ -'(1)'2$ *)'=%5$ H39JcH3H9*<,/P6 ?')$ 1"#
#N#)-&+#$ *)'=%$ ,(<$ H3R8cH36E*<,/P6 ?')$ 1"#$ -'2<$ *)'=%3$ f(#)*/
<#(+&1/$'?$1"#$+##<+$@&1"'=1$"=+B$@,+$-,2-=2,1#<$,+$6739Bk*P6 *&;#(
1",1$ #(#)*/$ <#(+&1/$ '?$ +##<+$ &(-2=<&(*$ "=+B+$@,+$ 6838c63HBk*P6

44 9:5$#(#)*/$<#(+&1/$'?$1"#$"=+B+$@,+$6I36cH3RBk*P65$,(<$>#,(
>,++$ '?$ "=+B+$@,+$ 693Jq$'?$ 1'1,2$ +##<$>,++3$f(#)*/$ <#(+&1/$ '?
?#-#+$@,+$6]3I6c63IRBk*P6 ?')$1"#$-'(1)'2$*)'=%5$68369cH3IRBk*P6

?')$ 1"#$ #N#)-&+#$ *)'=%5$ ,(<$ 6]3I7cH39]Bk*P6 ?')$ 1"#$ -'2<$ *)'=%3
G%%,)#(1$>#1,.'2&0,.2#$ #(#)*/$ &(1,B#$@,+$ +&*(&?&-,(12/$ 2'@#)$ &(
-'(1)'2$ -'>%,)#<$@&1"$ 1)#,1>#(1$ .&)<+$ 4#N#)-&+#$ ,(<$ -'2<$ *)'=%C
GiOtG5$<E5E6 E6375$!uH3HH6C$_&*36:3

One-compartment model versus two-compartment model
!"#$),1#$'?$-,).'($&+'1'%#$&(-')%'),1&'($&(1'$66$'?$1"#$6E$1&++=#+
@,+$ .#+1$ <#+-)&.#<$ ./$ 1@'T-'>%,)1>#(1$ >'<#2+$ 4&3#3$ #GYA-
;,2=#+$ pE:$ @"#)#,+$ 1",1$ '?$ ZLA$ @,+$ .#+1$ <#+-)&.#<$ ./$ '(#T
-'>%,)1>#(1$ >'<#2+$ 4&3#3$ #GYA-$ ;,2=#+$ uEC$ !,.2# E5
+=%%2#>#(1,)/$>,1#)&,2$_&*3K6G5L:3$!"#$-"'&-#$'?$,$'(#T$')$1@'T
-'>%,)1>#(1$>'<#2$@,+$,>.&*='=+$?')$"#,)15$.),&(5$?2&*"1$>=+-2#5
2#*$ >=+-2#$ ,(<$ +B&($ ?)'>$ -'(1)'2$ .&)<+5$ ,(<$ ?')$ *&00,)<$ ?)'>
#N#)-&+#<$ .&)<+C$ "'@#;#)5$ 1"#$ 1@'T-'>%,)1>#(1$ >'<#2$ .#+1
<#+-)&.#<$),1#$'?$-,).'($&(-')%'),1&'($?)'>$1"#$'1"#)$1@'$*)'=%+
'?$.&)<+$?')$1"#+#$+,>#$1&++=#+$4!,.2#E:3$!"#)#?')#5$@#$=+#<$1"#
%,),>#1#)$ #+1&>,1#+$ ?)'>$ 1"#$ 1@'T-'>%,)1>#(1$ >'<#2$ ?')$ ,22
*)'=%+$?')$,22$1&++=#+$#N-#%1$ZLA$+'$1",1$1=)(';#)$),1#+$?')$,$*&;#(
1&++=#$@#)#$-'>%,),.2#$.#1@##($*)'=%+$4+##$,22$<#1,&2+$ ?')$.'1"
>'<#2+$&($+=%%2#>#(1,)/$>,1#)&,2$!,.2#K6:3
_&11&(*$'(#T,(<$1@'T-'>%,)1>#(1$>'<#2+$1'$1"#$-,).'($&+'1'%#

&(-')%'),1&'($&(1'$.),&($,(<$+B&($@,+$>')#$-'>%2&-,1#<$.#-,=+#
@#$(##<#<$1'$&(-2=<#$,<<&1&'(,2$-'(+1),&(1+$42"pPER3Ie$!69A$,(<
,$p663Ie$!69A:$&($')<#)$?')$1"#$>'<#2+$1'$%)'<=-#$.&'2'*&-,22/
)#,+'(,.2#$#+1&>,1#+$'?$,+/>%1'1&-$!69A3$b#+%&1#$1"#+#$,<<&1&'(,2
-'(+1),&(1+5$ ,(<$=(2&B#$ ,22$ '1"#)$ 1&++=#+5$ 1"#$ )#+=21&(*$ #+1&>,1#+
'?$1=)(';#)$),1#$?)'>$1"#$'(#T$,(<$1@'T-'>%,)1>#(1$>'<#2+$@#)#
)#>,)B,.2/$ <&??#)#(1$ 4#3*3$ 683I$ ,(<$ JI3I <,/+$ ?')$ .),&(5
)#+%#-1&;#2/C$ !,.2# E:3$ !"#+#$ &(-'(+&+1#(1$ )#+=21+$ %)'.,.2/
'--=))#<$ .#-,=+#$ >')#$ 1",($ EIJ<,/+$ &+$ )#S=&)#<$ 1'$ )#2&,.2/

#+1&>,1#$ 1"#$ ?&(,2$ -,).'($ 1&++=#$ ;,2=#$ '?$ .),&($ ,(<$ +B&($ 42"C
+=%%2#>#(1,)/$>,1#)&,2$!,.2#K65$_&*K6G5L:3

Average carbon retention time (")
A,).'($1=)(';#)$#+1&>,1#<$,+$>#,($)#1#(1&'($1&>#$4":$),(*#<$?)'>
r]$<,/+$?')$+>,22$&(1#+1&(#5$8P6E<,/+$?')$*&00,)<5$%,(-)#,+5$B&<(#/
,(<$2&;#)5$6HP68<,/+$?')$%)';#(1)&-=2=+$,(<$"#,)15$6JPER<,/+$?')
ZLA$,(<$?2&*"1$>=+-2#5$,(<$EJPE7<,/+$?')$ 2#*$>=+-2#$4!,.2#E:3
A'2<T,--2&>,1&'($ -'(+&+1#(12/$ ,??#-1#<$ -,).'($ 1=)(';#)$'?$ 1&++=#+
@"#)#,+$#N#)-&+#$<&<$('1$4_&*3E:3$" ?')$,22$1#($1&++=#+$@,+$-'(+&+1#(12/
?,+1#+1$ ?')$ 1"#$ -'2<$ *)'=%5$ @&1"$ +&*(&?&-,(1$ <&??#)#(-#+$ .#1@##(
-'(1)'2$ ,(<$ -'2<$ *)'=%+5$ ,(<$ .#1@##($ #N#)-&+#$ ,(<$ -'2<$ *)'=%+
4M&2-'N'($ +&*(#<$ ),(B$ 1#+15$ .'1"$ -,+#+$ !uH3H6:5$ .=1$ @,+$ ('1
<&??#)#(1$.#1@##($-'(1)'2$,(<$#N#)-&+#$*)'=%+$4! H399:3$!#+1&(*$?')
,$ 1&++=#T+%#-&?&-$ <&??#)#(-#$ &($ -,).'($ 1=)(';#)$ ),1#+$ .#1@##($ 1"#
*)'=%+$)#;#,2#<$1",1$*&00,)<5$"#,)15$?2&*"1$>=+-2#$,(<$%,(-)#,+$@#)#
1"#$'(2/$1&++=#+$@&1"$+&*(&?&-,(12/$?,+1#)$1=)(';#)$),1#+$&($-'2<$*)'=%
.&)<+$ 4_&*39:5$ ,21"'=*"$ 1"#$+,>#$ 1)#(<$@,+$,%%,)#(1$ ?')$,22$'1"#)
1&++=#+$#N-#%1$2#*$>=+-2#$4!,.2#E:3$M#$-,2-=2,1#<$,$%''2#<$" ,-)'++
*)'=%+$?')$1&++=#+$1",1$@#)#$('1$+&*(&?&-,(12/$<&??#)#(1$.#1@##($1"#
*)'=%+5$(,>#2/5$+>,22$&(1#+1&(#5$B&<(#/5$2&;#)5$%)';#(1)&-=2=+5$ZLA
,(<$2#*$>=+-2#$4_&*39:3

DISCUSSION
M#$ %)#<&-1#<$ ,$ =(&?')>$ ?,+1#)$ -,).'($ 1=)(';#)$ ?')$ ,22$ 1&++=#+$ &(
)#+%'(+#$ 1'$ #N#)-&+#$ ,(<$ -'2<$ 1)#,1>#(1$ .,+#<$ '($ 1"#$ #(#)*/
#N%#(<&1=)#$"/%'1"#+&+$4!&#+0#($#1$,235$6789C$F-G;'/$#1$,235$EHHJ:3
fN#)-&+#$ <&<$ ('1$ -'(+&+1#(12/$ &(-)#,+#$ 1"#$ ),1#$ '?$ -,).'(
&(-')%'),1&'($?')$,(/$'?$1"#$1#($1&++=#+5$#;#($1"'=*"$1"#$#N#)-&+#<
.&)<+$<'=.2#<$GFfY$-'>%,)#<$@&1"$-'(1)'2$.&)<+3$L/$-'(1),+15$-'2<
#N%'+=)#$-'(+&+1#(12/$&(-)#,+#<$-,).'($1=)(';#)$,-)'++$1&++=#+$,(<
#+%#-&,22/$?')$?2&*"1$>=+-2#5$"#,)15$*&00,)<$,(<$%,(-)#,+3$g&;#($1",1
-'2<T#N%'+#<$,(<$#N#)-&+#<$.&)<+$",<$('$<&??#)#(-#$&($GFfY5$1"#+#
)#+=21+$,)#$('1$-'(+&+1#(1$@&1"$1"#$"/%'1"#+&+$1",1$&(-)#,+#<$@"'2#T
,(&>,2$#(#)*/$#N%#(<&1=)#$&($1=)($&(-)#,+#+$1&++=#T+%#-&?&-$-,).'(
1=)(';#)3$M#$-'(+&<#)$'=)$)#+=21+$,+$>')#$-'(+&+1#(1$@&1"$1"#$%)'1#&(
1=)(';#)$"/%'1"#+&+3

Table 1. Dry tissue mass and body mass for the three experimental groups sampled at day 32 following six weeks of treatment, i.e. control,
flight exercise, cold exposure

Control group I Exercise group II Cold group III Corrected model Tarsus (covariate) Group (factor)

Mean (±95 CI) Mean (±95 CI) Mean (±95 CI) F-value P-value F-value P-value F-value P-value

Mb 14.95 (±0.99) 14.35 (±0.80) 14.97 (±1.97) 12.9 0.000 37.7 0.000 1.1 0.35
#Mb (treatment)

† –0.50 (±0.42) –0.19 (±0.46) –0.06 (±0.66) 1.3 0.31
Carcass* 1.968 (±0.283) 2.003 (±0.266) 1.946 (±0.267) 2.6 0.08
Small intestine 0.028 (±0.005) 0.025 (±0.005) 0.031 (±0.005) 2.0 0.15
Gizzard 0.053 (±0.010)a,b 0.050 (±0.006)a 0.067 (±0.010)b 5.9 0.005 5.4 0.031 5.6 0.012
Kidney 0.015 (±0.001) 0.014 (±0.003) 0.016 (±0.003) 2.0 0.15
Liver 0.035 (±0.013) 0.034 (±0.008) 0.037 (±0.011) 1.1 0.38
Pancreas 0.020 (±0.003)a,b 0.016 (±0.003)a 0.021 (±0.003)b 4.4 0.016 4.5 0.046 4.0 0.034
Proventriculus 0.007 (±0.002) 0.006 (±0.002) 0.007 (±0.002) 2.1 0.13
Heart 0.024 (±0.004) 0.026 (±0.002) 0.024 (±0.003) 2.4 0.10
Brain 0.051 (±0.004) 0.050 (±0.005) 0.055 (±0.004) 1.3 0.32
Flight muscle 0.399 (±0.041) 0.408 (±0.035) 0.403 (±0.055) 7.3 0.002 21.8 0.000 0.1 0.89
Leg muscle 0.055 (±0.006) 0.057 (±0.003) 0.059 (±0.009) 12.1 0.000 34.1 0.000 0.4 0.69
N (d.f.) 8 8 8 3 (23) 1 (23) 2 (23)

Mb, body mass in grams. 
Statistical results are presented for general linear model ANOVA, for the covariate tarsus and the difference between groups. Different letters indicate

significant differences between the respective groups based on Schéffé post-hoc tests (P<0.05). 
*Lean dry mass after removal of the analysed tissues.
†Change after 6 weeks of treatment.
Values in bold indicate statistically significant results.



530

Response to exercise
M#$?'=(<$1",1$#N#)-&+#$",<$('$#??#-1$'($1"#$-,).'($&(-')%'),1&'(
),1#$ ')$ >,++$ '?$ 1"#$ 6H$ +,>%2#<$ 1&++=#+$ 4!,.2#+65$ E$ ,(<$ _&*39:3
D'.+'($,(<$\'",((#+$4D'.+'($,(<$\'",((#+5$EHH]:$,2+'$?'=(<
1",1$ -,).'($ &(-')%'),1&'($ ),1#$ '?$ ZLA$ &($ )'+/$ +1,)2&(*+$ <&<$ ('1
&(-)#,+#$&($)#+%'(+#$1'$#N#)-&+#3$L/$-'(1),+15$)#%#,1#<$<,&2/$#N#)-&+#
)#<=-#<$?2&*"1$>=+-2#$>,++$&($f=)'%#,($+1,)2&(*+$4.*-%/-#&;-53"%+#:
4K@,<<2#$ ,(<$L&#@#(#)5$ EHHH:3$!"#/$ +=**#+1#<$ 1",1$ 1"#$ )#<=-#<
>=+-2#$>,++$ #(",(-#<$ ?2&*"1$ #??&-&#(-/$ ,(<$@,+$ ,++'-&,1#<$@&1"
-'>%'+&1&'(,2$-",(*#+$'?$1"#$>=+-2#$1",1$,)#$(#-#++,)/$1'$>,&(1,&(
%'@#)$'=1%=13$A'>%'+&1&'(,2$-",(*#+$,)#$)#%')1#<$?')$?2&*"1$>=+-2#
&($ ;,)&'=+$ .&)<+$ &($ )#+%'(+#$ 1'$ #**$ 2,/&(*5$ ?,+1&(*5$ +=+1,&(#<
>&*),1')/$ ?2&*"1+5$ ')$ &($ %)#%,),1&'($ ?')$ >&*),1&'($ 4F,)+"5$ 6786C
F,)+"5$678RC$F,)+"5$678IC$a=(<*)#($,(<$X&#++2&(*5$678IC$a=(<*)#(
,(<$X&#++2&(*5$ 678JC$ k'(#+5$ 6776C$ K@,&(5$ 677EC$L,=-"&(*#)$ ,(<
L&#.,-"5$EHH6:$,(<$+=-"$-",(*#+5$ &?$'--=))&(*5$>,/$,21#)$@"'2#T
>=+-2#$ -,).'($ 1=)(';#)$ .#-,=+#$ -#)1,&($ -'>%'(#(1+$ 4#3*3

U. Bauchinger and others

+,)-'%2,+>&-$ ,(<$>/'?&.)&22,)$ %)'1#&(+:$ <&??#)$ &($ -,).'($ 1=)(';#)
),1#$ 4g'2<+1#&($ ,(<$Z#<</5$ 67J]:3$M#$ +=+%#-1$ 1",1$ '=)$ E"$ <,&2/
#N#)-&+#$@,+$('1$+1)'(*$#('=*"$1'$&(<=-#$-",(*#+$&($-'>%'+&1&'(
,(<$>,++$'?$1"#$1&++=#+$&(-2=<&(*$1"#$?2&*"1$>=+-2#3

Response to cold
fN%'+=)#$1'$1#>%#),1=)#+$.#2'@$1"#$1"#)>'(#=1),2$0'(#$)#+=21+$&(
&(-)#,+#<$"#,1$%)'<=-1&'($,(<$1"&+$>,/$,--'=(1$?')$1"#$'.+#);#<
&(-)#,+#$ &($ -,).'($ 1=)(';#)$ ),1#$ &($ -'2<T#N%'+#<$ .&)<+3$ L&)<+
*#(#),1#$"#,1$%)&>,)&2/$&($1")##$@,/+$4Z,+"'11#$#1$,235$6777C$f<=,)<'
#1$ ,235$ EHH6:`$ ,+$ ,$ ./%)'<=-1$ '?$ >#1,.'2&+>$ ,++'-&,1#<$ @&1"
2'-'>'1&'(5$ ,+$ ,$ ./%)'<=-1$ '?$ <&*#+1&'(5$ ,(<$ +"&;#)&(*
1"#)>'*#(#+&+$@"&-"$'--=)+$>,&(2/$&($+B#2#1,2$>=+-2#+$4A,)#/$#1
,235$67]8C$F,)+"$,(<$b,@+'(5$678EC$Z,&>.,=21$#1$,235$EHH6:3$L&)<+
>=+1$=+#$+"&;#)&(*$1"#)>'*#(#+&+$.#-,=+#$1"#/$2,-B$1"#$=(-'=%2&(*
%)'1#&($ 65$ @"&-"$ #(,.2#+$ >,>>,2+$ 1'$ %#)?')>$ ('(T+"&;#)&(*
1"#)>'*#(#+&+$ &($ ,<&%'+#$ 1&++=#$ 4.)'@($ ?,1:$ 4F#0#(1+#;,$ #1$ ,235

Table 2. Mean 13C retention time and Akaike information criteria for 12 tissues of the three experimental groups (control group, exercise
group and cold group) estimated by one-compartment and two-compartment models that were fitted for tissue-specific !13C values collected

over 256 days after a diet shift

Tissue Group "one comp "two comp AICc one comp AICc two comp ##one –two F-value‡ P-value

Small intestine Control 3.8 8.0 96.8 91.8 5.0 1.0 0.715
Exercise 3.2 6.5 117.1 105.9 11.2

Cold 2.3 6.0 83.6 69.7 13.9
Gizzard Control 7.6 10.0a 98.9 88.3 10.6 5.4 0.012

Exercise 8.4 10.2a 106.3 104.5 1.8
Cold 4.2 7.2b 88.6 82.8 5.8

Pancreas Control 6.8 10.6a 92.7 69.6 38.1 5.2 0.014
Exercise 6.7 10.8a 105.5 95.3 31.4

Cold 4.6 8.2b 88.8 65.2 40.7
Kidney Control 9.2 11.6 90.0 74.8 15.0 0.6 1.000

Exercise 7.5 9.7 74.7 64.1 10.6
Cold 7.2 9.4 86.7 81.6 5.1

Liver Control 5.8 11.9 107.0 83.2 23.9 0.8 0.941
Exercise 5.8 12.2 97.9 79.0 18.9

Cold 4.4 9.6 79.3 56.4 22.9
Proventriculus Control 7.4 13.3 100.5 71.7 28.8 0.1 1.000

Exercise 6.4 17.0 113.5 89.2 24.4
Cold 5.2 10.1 90.5 75.1 15.4

Heart Control 17.2 17.0a 77.5 76.9 0.6 9.8 <0.001
Exercise 14.8 18.1a 96.1 89.2 6.9

Cold 12.0 15.0b 89.5 63.9 25.6
Brain* Control 18.5 65.5 117.2 116.7 0.6 – –

Exercise 22.6 26.0 119.0 115.8 3.1
Cold 14.5 19.2 113.6 105.6 8.1

RBC† Control 19.3 19.5 108.4 113.6 –5.2 2.7 0.151
Exercise 16.8 17.0 107.5 111.1 –3.6

Cold 15.9 15.9 98.6 105.2 –6.6
Flight muscle Control 20.9 21.0a 92.8 92.6 0.3 10.1 <0.001

Exercise 20.3 24.2a 103.9 92.2 11.7
Cold 15.0 18.8b 105.0 80.8 24.3

Leg muscle Control 26.0 25.9 108.6 106.7 1.9 2.2 0.235
Exercise 28.3 29.4 105.2 102.0 3.2

Cold 21.9 26.8 111.5 100.5 11.0
Skin* Control 24.2 25.0 117.4 116.7 0.7 – –

Exercise 28.7 82.1 136.5 124.8 11.7
Cold 5.8 99.8 125.8 105.2 20.6

"5mean 13C retention time (in days); AIC, Akaike information criterion.
*Tissues with large differences between "one comp and "two comp and heterogeneous results between the treatment groups, see Results for details. No statistical

comparison performed.
†Average retention time from the one-compartment model was used because #one –two<2.
‡Numerator d.f. 2 in all cases, denominator d.f. 96–104 depending on sample size.
For each tissue #one–two ( AICc one comp–AICc two comp) was used to determine the model with the highest level of support (Burham and Anderson, 2002) and

the associated average retention time ("one comp or "two comp) used for subsequent analyses (in bold). Different letters indicate significant differences between
the respective groups with P 0.012. 
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EHH8:3$!"#$-'2<$*)'=%$.&)<+$,1#$>')#$#,-"$<,/$1",($-'(1)'2$.&)<+5
&(<&-,1&(*$1",1$1"&+$-'2<$#N%'+=)#$,??#-1#<$1"#$#(#)*/$>#1,.'2&+>
'?$ 1"#$,(&>,2+3$Z,+"'11#$#1$,23$ 4Z,+"'11#$#1$,235$6777:$ ?'=(<$ 1",1
"#,1$%)'<=-1&'($?)'>$+"&;#)&(*$1"#)>'*#(#+&+$@,+$"&*"#)$&($?,+1#<
1",($ &($ ?#<$%&*#'(+$4=(5-)6"& 5+;+":3$K"&;#)&(*$ 1"#)>'*#(#+&+$ &(
.&)<+$ &+$ ,++'-&,1#<$ @&1"$ &(-)#,+#<$ >&1'-"'(<)&,2$ ;'2=>#$ ,(<
<#(+&1/$ ,(<$ -,%&22,)/$ <&,>#1#)$ '?$ 1"#$ ?2&*"1$ >=+-2#$ 4F,1"&#=T
A'+1#22'$#1$,235$6778:5$,+$@#22$,+$&(-)#,+#<$,-1&;&1/$'?$-/1'-")'>#
, 'N&<,+#$,(<$+1,1#TR$)#+%&),1&'($&($?2&*"1$>=+-2#$,(<$2&;#)$4n"#(*
#1$,235$EHH8:3$K=-"$,($&(-)#,+#$&($+,)-'%2,+>&-$%)'1#&(+$)#2,1&;#$1'
>/'?&.)&22,)$%)'1#&(+$@'=2<$)#+=21$&($>')#$),%&<$1&++=#T+%#-&?&-$),1#+
'?$ -,).'($ 1=)(';#)$ 4g'2<+1#&($ ,(<$Z#<</5$ 67J]:3$ !"&+$ &(<&-,1#+
1",1$>')#$1&++=#+$,)#$+=.j#-1#<$1'$-",(*#+$&($1"#$+%#-&?&-$,-1&;&1/
2#;#2$.#+&<#+$1"#$+B#2#1,2$>=+-2#+5$1"#$1&++=#$1/%&-,22/$,(,2/0#<$&(
+1=<&#+$'($-'2<$#N%'+=)#3$M#$%)'%'+#$1",1$1"#$&(-)#,+#<$<#>,(<+
,++'-&,1#<$ @&1"$ +"&;#)&(*$ 1"#)>'*#(#+&+$ +&*(&?&-,(12/$ ,??#-1#<
%)'1#&($>#1,.'2&+>$,(<$"#(-#$ -,).'($ 1=)(';#)$ ),1#$'?$ 1&++=#+$ &(
-'2<T#N%'+#<$.&)<+3
M#$"&*"2&*"1$1@'$<&??#)#(1$%"/+&'2'*&-,2$%)'-#++#+$B('@($1'$.#

,++'-&,1#<$@&1"$"#,1$%)'<=-1&'($1",1$-,($<&)#-12/$,??#-1$),1#$'?$-,).'(
1=)(';#)$ ?')$ +%#-&?&-$ 1&++=#+$ ,(<$ 1",1$ -,($ #N%2,&($ '=)$ )#+=21+`
%"#('1/%&-$ >,++$ &(-)#,+#$ ,(<$ #2#;,1#<$ 1&++=#T+%#-&?&-$ ,-1&;&1/3
Y(-)#,+&(*$ 1"#$ +&0#$ '?$ ')*,(+$ &(;'2;#+$ -'(+1)=-1&(*$ %)'1#&(+$ ,(<
&(-)#,+#<$,-1&;&1/$'?$1&++=#+$)#S=&)#+$>')#$%)'1#&(+$,++'-&,1#<$@&1"
>#1,.'2&+>3$ !"#$ 2,11#)$ &+$ '?1#($ ,++'-&,1#<$ @&1"$ +1)=-1=),2$ ,(<
-'>%'+&1&'(,2$-",(*#+$'?$ 1&++=#+$ 1",1$-,($ &(-2=<#$ )#%2,-#>#(1$'?
-'>%'(#(1+$ @&1"$ ?,+1#)$ 1=)(';#)$ ),1#+$ [#3*3$ +,)-'%2,+>&-$ ;$%#-#
>/'?&.)&22,)$%)'1#&(+$4L,=-"&(*#)$,(<$L&#.,-"5$EHH6:^3

!#(T@##B+$#N%'+=)#$1'$-'(+1,(1$-'2<$1#>%#),1=)#$)#+=21#<$&($,
+&*(&?&-,(12/$"&*"#)$?''<$&(1,B#5$?,+1#)$-,).'($1=)(';#)$&($,22$1&++=#+5
,(<$,($&(-)#,+#$&($>,++$'?$%,(-)#,+$,(<$*&00,)<$&($0#.),$?&(-"#+3
Z#-,22$1",1$-'2<T#N%'+#<$.&)<+$,1#$+&*(&?&-,(12/$>')#$1",($#N#)-&+#<
.&)<+$,21"'=*"$GFfY$@,+$('1$<&??#)#(1$.#1@##($1"#+#$1@'$*)'=%+3
!"#$ 6HHP6IHq$ &(-)#,+#$ &($ ?''<$ &(1,B#$ '?$ 1)#,1>#(1$ .&)<+$ &($ '=)
+1=</$@,+$ +&>&2,)$ &($ #N1#(1$ 1'$ 1",1$ '?$ ?)##T2&;&(*$ .&)<+$ &($@&(1#)
-'>%,)#<$@&1"$ +=>>#)$ &($ j=(&%#)$ 1&1>'=+#$ [>"$(5(1?-#& 3%+#$-#
4A''%#)5$ EHHH:^3$ !"#$ +&>=21,(#'=+$ &(-)#,+#$ &($>,++$ ,(<$ -,).'(
1=)(';#)$ '?$ 1"#$ *&00,)<$ ,(<$ %,(-)#,+$ &($ -'2<T#N%'+#<$ .&)<+$ &+
%)'.,.2/$,$-'(+#S=#(-#$'?$&(-)#,+#<$,-1&;&1/$,(<$%)'1#&($+/(1"#+&+
'?$1&++=#+$,++'-&,1#<$@&1"$<&*#+1&'(3
!"#$ &(-)#,+#$ &($%,(-)#,+$ ,(<$*&00,)<$>,++$'?$ -'2<T,--2&>,1#<

.&)<+$%)';&<#+$,('1"#)$#N,>%2#$'?$%"#('1/%&-$?2#N&.&2&1/$&($<&*#+1&;#
')*,(+$ '?$ .&)<+$ &($ )#+%'(+#$ 1'$ &(-)#,+#<$ <#>,(<+$ 4)#;&#@#<$ ./
m&#)+>,5$ EHHEC$ F-M&22&,>+$ ,(<$ X,),+';5$ EHHIC$ X,),+';$ ,(<
F-M&22&,>+5$ EHHI:3$ n#.),$ ?&(-"#+$ #N%'+#<$ 1'$ 1"#$ -'2<$ ,1#$>')#
1",($#N#)-&+#<$,(<$-'(1)'2$.&)<+5$",<$"&*"#)$GFfY$1",($-'(1)'2$.&)<+5
,(<$",<$"#,;&#)$%,(-)#,+$,(<$*&00,)<$ 1",($#N#)-&+#<$,(<$-'(1)'2
.&)<+3$Y($*#(#),25$.&)<+$#N%'+#<$1'$1"#$-'2<$&(-)#,+#$?''<$&(1,B#$1'

4

3

2

1

0

a                   b                   c

a                   b                   b

3

2

1

0

Fo
od

 in
ta

ke
 (

g 
da

y–1
)

A
M

E
I (

kJ
 d

ay
–1

)

Control
group

Exercise
group

Cold
group

Fig. 1. Mean food intake (upper graph) and mean apparent metabolizable
energy intake (AMEI; lower graph) plotted for the three groups. Error bars
indicate the standard deviation. Different letters indicate significant
differences between the groups based on ANOVA followed by post-hoc
Scheffé test.
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Fig. 2. Difference between average carbon retention time (") in each tissue
examined for each pair of the three experimental groups. (Upper panel)
Differences in " between control group and exercise group, with negative
values indicating a faster carbon retention time for exercise group. (Middle
panel) Differences in " between the control group and cold group showing
a faster carbon retention time in nine out of ten tissues. (Lower panel)
Differences in " between exercise group and cold group showing a faster
carbon retention time in all ten tissues. Statistical details in the panels refer
to Wilcoxon signed-rank test for the respective two groups.
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-'>%#(+,1#$?')$&(-)#,+#<$)#S=&)#>#(1+$'?$1"#)>')#*=2,1&'($,(<$1"&+
&+$ ,++'-&,1#<$ @&1"$ &(-)#,+#<$>,++$ '?$ ,$ +=&1#$ '?$ <&*#+1&;#$ ')*,(+
4F-M&22&,>+$#1$,235$6777C$F-M&22&,>+$,(<$X,),+';5$EHHIC$X,),+';
,(<$F-M&22&,>+5$EHHIC$n"#(*$#1$,235$EHH8:3$Y(-)#,+#<$),1#$'?$1&++=#
+/(1"#+&+$ ),1"#)$ 1",($ ,$ )#<=-1&'($ &($ 1&++=#$ .)#,B<'@($ =+=,22/
%)'<=-#+$')*,($>,++$-",(*#$4K@&-B$,(<$L#(#;#(*,5$67J]:$,(<$1"&+
-,($ %)'<=-#$ 1"#$ '.+#);#<$ "&*"#)$ ),1#$ '?$ -,).'($ &(-')%'),1&'(3
D'@#;#)5$'1"#)$<&*#+1&;#$')*,(+$4#3*3$2&;#)5$+>,22$&(1#+1&(#:$&($0#.),
?&(-"#+$<&<$('1$-",(*#$ &($>,++$@&1"$ &(-)#,+#<$<#>,(<5$@"&-"$ &+
&(-'(+&+1#(1$@&1"$>'+1$'1"#)$-'2<T,--2&>,1&'($+1=<&#+$'?$.&)<+$4#3*3
n"#(*$ #1$ ,235$ EHH8:3$ !"#+#$ -'(1),+1&(*$ )#+=21+$ %)'.,.2/$ '--=)
.#-,=+#$'?$<&??#)#(-#+$.#1@##($+1=<&#+$ &($ 1"#$#N1#(1$'?$-'2<3$!"#
0#.),$?&(-"#+$&($'=)$+1=</$@#)#$#N%'+#<$1'$6IdA$%)&>,)&2/$.#-,=+#
@#$,11#>%1#<$1'$>,1-"$?''<$&(1,B#$'?$.&)<+$#N#)-&+#<$?')$E"$#,-"
<,/$@&1"$1",1$'?$'=)$-'2<T#N%'+#<$.&)<+3$F'+1$'1"#)$+1=<&#+$'?$-'2<T
,--2&>,1&'($&($.&)<+$=+#<$>=-"$2'@#)$1#>%#),1=)#+$[#3*3$P6IdA$?')
+%,))'@+$4n"#(*$#1$,235$EHH8:5$PEHdA$?')$@,N@&(*+$4F-M&22&,>+
#1$ ,235$ 6777:^$ 1",1$ )#S=&)#$.&)<+$ 1'$ #,1$>')#$ ,(<$ 1"=+$ -,=+#$>')#
#N1#(+&;#$-",(*#+$&($>,++$'?$>,(/$<&*#+1&;#$')*,(+3
D#)#$@#$ +"'@$ 1",1$ %"#('1/%&-$ ?2#N&.&2&1/$ &($>,++$ '?$ %,(-)#,+

,(<$*&00,)<$@,+$,++'-&,1#<$@&1"$&(-)#,+#<$),1#$'?$-,).'($1=)(';#)3
Y(1#)#+1&(*2/5$'1"#)$<&*#+1&;#$')*,(+$4#3*3$2&;#)5$+>,22$&(1#+1&(#:$&(
0#.),$?&(-"#+$<&<$('1$-",(*#$&($>,++$@&1"$&(-)#,+#<$<#>,(<$@"&2#
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Fig. 3. Average carbon retention time (") in days for 10
different organs in zebra finches. Data are presented
for all groups combined (hatched boxes) when no
statistical difference was calculated. When average
retention time did significantly differ all three groups are
plotted separately (dark grey, control group; white,
exercise group; light grey, cold group). Identical letters
indicate that organs were not significantly different. Box
plots show 25% and 75% confidence intervals, error
bars refer to 5% and 95% confidence intervals.
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1"#$?'=)$1&++=#+$?')$@"&-"$@#$<#1#-1#<$+&*(&?&-,(1$1)#,1>#(1$#??#-1+
4&3#3$*&00,)<5$%,(-)#,+5$"#,)15$?2&*"1$>=+-2#:$)#*,)<2#++$'?$@"#1"#)
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('1$ &>%2/$ 1",1$ >'<#2$ +#2#-1&'($ &+$ 1)&;&,2$ *&;#($ 1",1$ @#$ <#1#-1#<
+=.+1,(1&,2$<&??#)#(-#+$&($?&1$'?$1"#$<&??#)#(1$>'<#2+$*&;#($1"#$+,>#
<,1,3$ZLA5$1'*#1"#)$@&1"$%2,+>,5$,)#$1"#$'(2/$1&++=#+$@&1"$-'(1&(='=+
1=)(';#)$1",1$-,($.#$+,>%2#<$#,+&2/$,(<$('(T<#+1)=-1&;#2/$?)'>$@&2<
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@&1"$ZLA$,+$1"#$('1,.2#$#N-#%1&'(3

Conclusion
v=,(1&?/&(*$ &+'1'%&-$ &(-')%'),1&'($ &(1'$ 1&++=#$",+$<#;#2'%#<$ &(1'
,($&(1#(+&;#2/$=+#<$1''2$1'$&(;#+1&*,1#$+%,1&'1#>%'),2$)#+'=)-#$,(<
",.&1,1$=+#$4?')$)#;&#@+5$+##$b#i&)'$,(<$f%+1#&(5$67]8C$g,((#+$#1
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<#2$Z&'$#1$,235$EHH8C$M'2?$#1$,235$EHH7C$L,=-"&(*#)$,(<$F-M&22&,>+5
EHH7:3$ M#$ ",;#$ +"'@($ 1",1$ #-'2'*&-,22/$ )#2#;,(1$ &(-)#,+#+$ &(
>#1,.'2&+>$,++'-&,1#<$@&1"$-'2<$#N%'+=)#$.=1$('1$#N#)-&+#$%)'<=-#<
>#,+=),.2#$ &(-)#,+#+$ &($ -,).'($ 1=)(';#)$ ),1#$ '?5$ '($ ,;#),*#5
E3RcH39<,/+$?')$%#-1'),2$>=+-2#5$*&00,)<5$%,(-)#,+$,(<$"#,)13$K=-"
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?')$*&00,)<5$E9q$ ?')$%,(-)#,+5$6Eq$ ?')$"#,)1$ ,(<$66q$?')$ ?2&*"1
>=+-2#:3$ !"#+#$ #??#-1+$ '?$ >'<#),1#2/$ -'2<$ 1#>%#),1=)#+$ ,)#
#-'2'*&-,22/$ )#2#;,(1$ &($ 1",1$ -&)-,((=,2$ ,(<$ -&)-,<&,($ ,>.&#(1
1#>%#),1=)#$),(*#+$,)#$>')#$#N1)#>#$&($1"#$1#>%#),1#$0'(#$1",($&(
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#N%'+#<$ .&)<+3$ !"#$ #(#)*/$ #N%#(<&1=)#$ "/%'1"#+&+$ %)#<&-1+$ 1",1
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,(<$F,)1s(#0$<#2$Z&'5$EHHIC$F,)1s(#0$<#2$Z&'$#1$,235$EHH8C$M'2?$#1
,235$ EHH7C$ L,=-"&(*#)$ ,(<$ F-M&22&,>+5$ EHH7C$ F,-G;'/$ #1$ ,235
EHHJ:3$O=)$<,1,$<'$('1$+=%%')1$1"&+$#(#)*/$#N%#(<&1=)#$"/%'1"#+&+5
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%"#('1/%&-$>,++$-",(*#$,(<$"&*"#)$1&++=#T+%#-&?&-$,-1&;&1/3$M#$-,(
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curves were fitted and plotted for both a one-compartment model (solid line) and a two-

compartment model (dashed line; see Table S1 in supplementary material for parameter

estimates and model algorithms). Black symbols indicate data for tissues best described by a

two-compartment model, grey symbols indicate those best described by a one-compartment

model, open symbols indicate data (brain and skin) that showed high discrepancy for ! derived

for one- and two-compartment models and required constraints for y and a to achieve

reasonable curve fitting, because of high influence of the asymptotic carbon values. Brain and

skin were therefore, excluded from all following interpretations (also see Bauchinger and

McWilliams 2009).
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Fig. S2. Average 13C retention time (!) for 10 tissues as estimated from a one- and two-

compartment model for the control group (left panel), exercise group (middle) and cold group

(right). Dashed line indicates y=x line. Black line is the best-fit regression line (control group

y=5.87(±0.83)+0.73(±0.06)*(x); r2=0.98, N=10; exercise group: y=6.08 (±1.69)+0.81(±

0.12)*(x); r2=0.92, N=10; cold group: y=4.21(±0.71)+0.87(±0.06)*(x); r2=0.98, N=10).

Brain and skin were excluded from this analysis.
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1
Table S1. Incorporation of 13C into 12 tissues for the three experimental groups described by one-compartment and two-compartment models that were fitted for tissue specific !13C values collected

over 256 days after a diet shift
One-compartment model1 Two-compartment model2

yt = y� + a e(–t /" one-comp) yt=y� + a (p) e(–t/"1) + a (1–p) e(–t/"2)

Tissue Group y�

s.e.m.
y� a

s.e.m.
a "one comp.

s.e.m.
"one comp. y�

s.e.m.
y� a

s.e.m.
a p

s.e.m.
p "1

s.e.m.
"1 "2

s.e.m.
"2 "two comp.

s.e.m.
"two comp

Control –23.36 0.19 8.85 8.85 3.8 0.5 –23.86 0.29 9.60 0.46 0.30 0.11 21.6 11.9 2.2 0.61 8.0 2.5Small intestine2

Exercise –23.61 0.21 9.41 0.51 3.2 0.5 –23.88 0.32 9.89 0.53 0.25 0.13 19.9 15.2 2.1 0.6 6.5 2.6
Cold –23.23 0.15 8.89 0.38 2.3 0.2 –23.71 0.21 9.56 0.36 0.26 0.06 19.1 8.0 1.4 0.3 6.0 1.7

Gizzard2 Control –22.53 0.21 9.20 0.37 7.6 0.9 –22.88 0.23 10.26 0.42 0.62 0.11 15.1 3.7 1.6 0.8 10.0 3.8
Exercise –22.64 0.20 9.61 0.37 8.4 1.0 –22.90 0.26 10.32 0.47 0.60 0.23 15.2 5.7 2.7 1.8 10.2 1.8

Cold –22.53 0.16 9.80 0.37 4.2 0.4 –22.90 0.23 10.40 0.39 0.30 0.14 17.7 9.1 2.6 0.7 7.2 1.7
Pancreas2 Control –23.11 0.20 10.04 0.38 6.8 0.8 –23.69 0.21 11.44 0.38 0.52 0.08 18.4 3.8 2.0 0.6 10.6 2.6

Exercise –23.26 0.20 10.49 0.42 6.7 0.8 –23.81 0.30 11.53 0.50 0.38 0.14 22.9 10.0 3.3 1.1 10.8 2.3
Cold –23.35 0.18 10.50 0.43 4.6 0.5 –23.80 0.20 11.65 0.38 0.44 0.08 16.5 4.0 1.8 0.4 8.2 1.2

Kidney2 Control –23.53 0.19 9.35 0.32 9.2 1.0 –23.89 0.20 10.47 0.35 0.68 0.08 16.3 2.8 1.6 0.7 11.6 3.0
Exercise –23.49 0.14 9.76 0.26 7.5 0.7 –23.78 0.16 10.47 0.29 0.54 0.15 15.4 4.1 2.8 1.0 9.7 1.1

Cold –23.58 0.17 9.83 0.33 6.9 0.7 –23.91 0.22 10.50 0.39 0.49 0.21 15.9 6.2 3.1 1.4 9.4 1.5
Liver2 Control –23.16 0.22 9.68 0.43 5.8 0.7 –23.93 0.24 11.10 0.40 0.45 0.07 23.9 6.0 2.1 0.5 11.9 1.9

Exercise –23.21 0.17 9.86 0.35 5.8 0.6 –23.92 0.23 11.03 0.36 0.35 0.08 29.8 9.5 2.9 0.6 12.2 2.3
Cold –23.34 0.15 10.20 0.32 4.4 0.4 –23.96 0.18 11.11 0.29 0.28 0.06 27.5 8.8 2.7 0.4 9.6 1.7

Control –22.90 0.21 9.74 0.38 7.4 0.9 –23.66 0.21 11.23 0.34 0.50 0.07 2.3 0.5 24.6 5.0 13.3 1.7Proventriculus2

Exercise –22.73 0.21 9.81 0.42 6.4 0.8 –23.81 0.31 11.42 0.44 0.36 0.06 41.3 14.0 3.0 0.6 17.0 3.9
Cold –23.04 0.19 9.98 0.49 5.2 0.6 –23.65 0.23 11.35 0.49 0.39 0.08 22.2 6.5 2.2 0.6 10.1 1.8

Heart2 Control –23.75 0.20 9.99 0.27 17.2 1.4 –23.83 0.20 10.60 0.37 0.91 0.04 18.7 1.7 0.2 2.0 17.0 1.4
Exercise –23.49 0.22 9.85 0.31 14.8 1.5 –23.89 0.27 10.75 0.39 0.41 0.18 4.7 2.5 27.4 8.8 18.1 2.7

Cold –23.48 0.21 9.31 0.33 12.0 1.3 –23.91 0.19 10.61 0.31 0.64 0.07 22.2 3.4 2.2 0.7 15.0 1.5
Brain2 Control –22.66 0.35 9.48 0.46 18.5 2.6 –24.42 3.50 11.50 3.46 0.34 0.13 172.7 349.6 11.5 3.7 65.5 131.0

Exercise –22.70 0.34 9.51 0.43 22.6 2.9 –23.11 0.41 10.64 0.59 0.70 0.12 35.4 9.8 3.4 2.5 26.0 4.6
Cold –22.60 0.33 9.23 0.46 14.5 2.3 –23.12 0.38 10.57 0.57 0.57 0.16 31.2 12.2 3.4 2.0 19.2 4.2

RBC1 Control –24.20 0.41 11.10 0.53 19.3 2.6 –24.48 2.6 11.42 * 0.00 * 19.5 * 19.5 * 19.5 *
Exercise –24.13 0.34 11.29 0.47 16.8 2.2 –24.37 2.2 11.55 * 1.00 * 17.0 * – * 17.0 *

Cold –24.43 0.28 11.05 0.38 15.9 1.6 –24.43 1.6 11.05 * 1.00 * 15.9 * – * 15.9 *
Control –23.63 0.26 9.43 0.33 20.9 2.1 –23.74 0.27 10.14 0.46 0.86 0.07 24.1 3.3 1.3 1.4 21.0 2.3Flight muscle2

Exercise –23.44 0.27 9.38 0.35 20.3 2.2 –23.87 0.31 10.52 0.43 0.62 0.12 36.3 10.2 4.4 2.1 24.2 3.9
Cold –23.39 0.30 8.84 0.41 15.0 2.1 –23.84 0.26 10.36 0.41 0.58 0.09 30.4 7.1 2.6 1.0 18.8 2.8

Control –23.32 0.35 9.99 0.42 26.0 2.9 –23.47 0.35 11.02 0.57 0.84 0.06 30.6 4.5 1.0 1.0 25.9 3.1Leg muscle2

Exercise –23.36 0.31 10.23 0.38 28.3 2.8 –23.60 0.34 11.17 0.50 0.81 0.08 35.8 5.9 2.4 1.9 29.4 3.5
Cold –23.19 0.38 9.71 0.49 21.9 3.1 –23.69 0.42 11.38 0.57 0.60 0.10 42.2 13.4 3.3 1.6 26.8 5.6

Skin2 Control –21.52 0.46 8.86 0.56 24.2 4.1 –21.78 0.49 10.27 0.81 0.76 0.10 32.3 8.0 1.4 1.3 25.0 5.0
Exercise –21.22 0.57 8.34 0.68 28.7 6.1 –23.73 2.37 12.17 2.38 0.57 0.07 141.4 111.6 4.4 1.9 82.1 67.3

Cold –20.17 0.34 8.36 0.73 5.8 1.3 –24.37 3.91 12.91 3.90 0.47 0.13 207.0 241.6 3.3 0.8 99.8 139.2
Based on �one–two (=AICc one comp.–AICc two comp.) presented in Table 2 we used average retention time ("one comp.) for RBC, and ("two comp.) for all other tissues to perform subsequent analyses. yt

 is the measured !13C value of the tissue
at time t.

t is the time in days.
y� is the estimated final !

13C value.
a is the estimated range in tissue !13C between diets.
p1 and p2 are the fractional size of pools one and two for the two-compartment model.
"one comp. is the estimated average carbon retention time for the one-compartment model.
"1 and "2 are the estimated average carbon retention times for 1st and 2nd pool of the two-compartment model.
"two comp. is the average carbon retention time of the two-compartment model: "two comp=p"1+(1–p)"2 (Carleton et al., 2008).
1 Average retention time from the one-compartment model was used because �1–2<2.
2Average retention time from the two-compartment model was used because �1–2>2.
*Nan error, no adequate curve fitting possible, p1 and p2 indicate this is a single pool model.
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