
! " !

Supplement	  
Why	  species	  tell	  more	  about	  traits	  than	  vice	  versa:	  	  
Predictive	  analysis	  to	  connect	  species,	  traits,	  and	  environment	  

!
#$%&'! '( !) *$+, !
!

-.!/012!23445676./!-!489:1;6!7</067</1=2!>98!/8<1/!.9872!<.;!=9?;12468219.@!;</<!
326;!1.!/06!6A<7456@!<.;!79;651.BC=9743/</19.!D<=EB893.;(!
!

Trait	  norms	  and	  co-‐dispersion	  
!

F9!><=151/</6!=9..6=/19.2!/9!G91./!/8<1/!;12/81D3/19.2!-!489:1;6!.9872!<.;!=9 ?
;12468219.!1.!7</81A!.9/</19.(!!-.!/06!>9559H1.B!tms!12!/8<1/!m!>98!246=162!s@!98B<.1I6;!
1.!<!M!DJ!S!7</81A!9>!/8<1/2!DJ!246=162!7</81A!T(!!!K98!<!21.B56!/8<1/!/06!trait	  norm!12!
!
u! = ! ! !𝐭′! 𝟏! 	   '" !
	  
H0686!tm!12!/06!56.B/0?S!:6=/98!9>!/8<1/!:<5362@!/06!m/0!89H!9>!T@!<.;!1S!12!/06!56.B/0?S!
:6=/98!9>!9.62(!K98!M!/8<1/2!/06!/8<1/!.987!LFMN!12!<!:6=/98!
!
FM!O	  𝐮 = ! !!𝐓! !!! 'P !
!
F012!12!/06!*Q!7</81A!9>!+*Q!<.<5J212!LR956;6=!6/!<5(!"SST@!U89H.!6/!<5(!PV"W@!R8<J!6/!
<5(!PV"WN(!!!

F06!)X%!:<536!12!<!weighted	  trait	  norm!/<E6.!>98!<!:6=/98!9>!9D268:6;!246=162!
H61B0/2!</!59=</19.	  i	  !

!
WTN! ! 𝐓𝐰! 	   'Y ! !
!
F<E6.!9:68!<!2<7456!9>!n!9D268:</19.2!/06!H61B0/6;!/8<1/!.987!12	  !"# !
! ! !𝐓𝐖!! !,	  H0686!W!12!/06!n!DJ!S!246=162!=974921/19.!2<7456(!XFM!:<8162!D6/H66.!
71.1737!<.;!7<A1737!/8<1/!:<5362Z!/0626!6A/86762!9D/<1.!H06.!/06!246=162!
0<:1.B!/0926!:<5362!;971.</6!<!2<7456(!&A4598</98J!76/09;2@!1.=53;1.B!
8<.;971I</19.!/6=0.1[362@!<86!9>/6.!326;!/9!6:<53</6!XFM(	  

$5/093B0!/8<1/2!<86!>1A6;!1.!)X%!<.<5J212!/06J!;9!0<:6!;12468219.!/0</!=<.!D6!
8648626./6;!1.!H<J2!/0</!46871/!<.<5J212!9>!246=162!<.;!6.:189.76./!6>>6=/2(!!F8<1/!
=9?;12468219.!1.;646.;6./!9>!246=162!;1:6821/J![3<./1>162!/6.;6.=J!>98!/8<1/2!/9!D6!
20<86;!<=8922!246=162@!/06!=9537.2!1.!/8<1/?DJ?246=162!7</81A!T@!

!
!" = ! !! ! − 𝐔 𝐓 ! ! ′! 'W!
!
H0686!
!
𝐔 ! ! ! !!!!
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!
12!<!M!DJ!S!7</81A@!6<=0!=9537.!D61.B!/06!56.B/0?M!:6=/98!9>!/8<1/!.9872!𝐮!!L6[.! '" N(!!
-!86>68!/9!F)!<2!=9?dispersion!8</068!/0<.!=9variance@!D6=<326!/8<1/2!<86!/86</6;!<2!
>1A6;!1.!)X%!<.<5J212(!F)![3<./1>162!;12468219.!9>!1.;1:1;3<5!/8<1/2!<.;!=9?
;12468219.!D6/H66.!/8<1/2!1.!/06!2<76!7<..68!<2!H935;!D6!;62=81D6;!DJ!<!
=9:<81<.=6!>98!<!8<.;97!:<81<D56(!!#32/!<2!FM!12!<!D<2651.6!>98!6>>6=/2!9>!246=162!
;1:6821/J!9.!/8<1/!.9872@!F)!12!<!D<2651.6!>98!6:<53</1.B!6>>6=/2!9>!246=162!;1:6821/J!
9.!/8<1/!;12468219.(!!F06!<D3.;<.=6?H61B0/6;!/8<1/!;12468219.!>98!2<7456!i!86[31862!
M!DJ!S!7</81=62!9>!H61B0/2!<.;!/8<1/2(!!F06!H61B0/!7</81A!>98!9D268:</19.!i!12!
!
𝐖! = 𝟏!! !!!
!
F06!weighted	  trait	  co-‐dispersion!12!
!
!"# ! = ! − 𝐔 ! 𝐖! ! ! ! ′	  
	  
H0686!! !12!/06!\<;<7<8;!489;3=/(!XF) i!12!<!M!DJ!M!7</81A(!!$.<59B932!/9!<!
=96>>1=16./!9>!:<81</19.@!/06!2[3<86!899/!9>!/06!;1<B9.<5!9>!/06!XF)i!7</81A!=<.!D6!
;1:1;6;!DJ!FM!<2!<.!1.;6A!9>!;12468219.!>98!<!59=</19.!LK1B(!"UN(!F8<1/!=9?;12468219.!
9:68!n!9D268:</19.2!86[31862!/06!n!DJ!S!7</81A!W@!
!
WTC ! ! ! ! ! ! ! ∘ 𝟏!! !!! 𝐓 ! 𝐔 !	  	  	   '] !
!
XF)!;1>>682!>897!*<51D68/^!<.;!*6B6.;86 _2!LPV"VN!>3.=/19.<5!/8<1/!;12468219.!LKR12N!
1.!/0</!XF)!12!;6>1.6;!9.!<!:<81<.=6!LtPN!2=<56!8</068!/0<.!<!51.6<8!2=<56(!!-!<;94/!
XF)!>98!/H9!86<29.2(!!K182/@!1/!12!=9.212/6./!H1/0!/06!H61B0/6;!76<.!>98!/8<1/!.987@!
H1/0!XFM!D61.B!/06!=9886249.;1.B!H61B0/6;!.987(!!'6=9.;@!1/!<559H2!;186=/!
=974<8129.!H1/0!/8<1/!=9:<81<.=6!/0</!6768B62!>897!<!79;65?D<26;!<4489<=0!/9!
246=162!<.;!/8<1/!;1:6821/J@!;12=3226;!D659H(!!'/155@!XF)!12!6A46=/6;!/9!209H!4<//68.2!
21715<8!/9!KR12(!$2!H1/0!/06!XFM!/012!;12468219.!12!1.;3=6;!DJ!/06!2<7456!WZ!/0686!
12!.9/!J6/!<!79;65(!

Trait	  prediction	  for	  environmental	  covariance	  
!

F06!6>>6=/!9>!6.:189.76./<5!:<81<D562!12!<:<15<D56!321.B!<!486;1=/1:6!<4489<=0(!!
U<26;!9.!/06!>1//6;!79;65!1.!6[.!T!H6!=<.!486;1=/!<!86<51I</19.!0<:1.B!/06!2<76!
2/83=/386!<2!9D268:6;!;</<@!2/<8/1.B!>897!/06!G91./!;12/81D3/19.!>98!246=162!H61B0/2!
<.;!486;1=/982!!

!
𝐰! , 𝐱!! = 𝐰! ! ′! 𝐱!! !

!
F06!>182/!><=/98!9.!/06!81B0/?0<.;!21;6!12!6[.!T(!!F06!26=9.;!><=/98!12!<!;12/81D3/19.!
>98!486;1=/982!H1/0!76<.!<.;!=9:<81<.=6@!
!
! ′! ! 𝑀𝑉𝑁 𝐦, ! !

!
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%<8B1.<51I1.B!x’i!>9559H6;!DJ!<!:<81<D56!=0<.B6!>897!wi!/9!ui!B1:62!<!486;1=/1:6!/8<1/!
;12/81D3/19.!
!
𝐮′!~!"# !" ! !"# ! 'T !
!
0<:1.B!486;1=/1:6!76<.!<.;!486;1=/1:6!/8<1/!=9:<81<.=6!!
!
`% 	  ! !" ′! ! 'a !
!
!"# = ! ! + ! ′!" ! ! ! 'b !
!
`F)!12!/06!79;65?D<26;!6[31:<56./!9>!XF)!1.! 6[.!'] (!!F06!/H9!/6872!1.!6[.! 'b !<86!1N!
/06!=9:<81<.=6!1.!/8<1/!;1:6821/J!3.865</6;!/9!6.:189.76./<5!486;1=/982@!<.;!11N!/06!
=9:<81<.=6!/0</!12!865</6;!/9!/06!6.:189.76./(!!K98!/06!`F%!/012!26=9.;!/687!12!/06!
environmental	  trait	  covariance@!!
!
ETC = !" !!"# !! 'S<!
!
$2!<!865</1:6!=9./81D3/19.!9>!/06!6.:189.76./<5!486;1=/982!/9!/06!:<81<.=6!H6!0<:6!
/06!8</19!
!

!"#$ = !"#$ ! 𝛃!𝐐𝛃! !

!"#$ 𝐓! ! ! !!"#$ 𝐓! !!" 𝐓! ! 'SD!

!
U6=<326!/06!`F%!12!>1//6;!/9!246=162!D6>986!/8<.25</1.B!/9!/8<1/2!H6!=<.!6:<53</6!/06!
2<76!865</19.20142!>98!246=162@!ESC ! 𝛃′𝐐𝛃(!F06!6.:189.76./<5!=9./81D3/19.!/9!
:<81<.=6!1.!/8<1/2!=<.!D6!=974<86;!/9!1/2!=9./81D3/19.!/9!246=162!
!

RESC = !"#$ 𝛃!!"
!"#$ ! !!"#$ 𝛃!!"

! '"V !

!
K355!=9:<81<.=6!7</81=62!=<.!D6!=974<86;!321.B!2/<.;<8;!/9952!23=0!<2!=532/68!
<.<5J212(!
!
'46=162!<.;!/8<1/!;1:6821/J!=<.!D6!2377<81I6;!DJ!:95376!9>!/06!0J468?65514291;!1.!
/8<1/!24<=6@!/<E6.!0686!</!<!489D<D151/J!:<536!9>!V(V]@!
!

𝑉 𝐂 !
! ! 𝜒!

! ! !05 !! !
!"# ! !/!

! Γ ! ! 2

! /!

!

!
H0686!C!12!<!M?;176.219.<5!=9:<81<.=6!7</81A@!!detL!N!12!/06!;6/6871.<./@!! !

! ! !05 !12!
/06!=01?2[3<86!;12/81D3/19.@!<.;!ΓL!N!12!/06!B<77<!>3.=/19.(!!c953762!<86!
735/1451=</1:6!1.!;176.219.! MZ!/06!6A49.6./!"CM!45<=62!/012!:95376!9.!<!468?/8<1/!
D<212(!

!
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Example	  Data	  
!

F06!6A<7456!3262!K-$!;</<!6A/8<=/6;!>897!PY@S"T!>9862/6;!.9.?45<./</19.!459/2!1.!
Y"!6<2/68.!2/</62!>897!K-$RU!:68219.!]("!9.!%<J!]@!PV"P!L0//4dCC>1<(>2(>6;(32CN(!!!$55!
/8662!H1/0!<!;1<76/68!</!D86<2/!061B0/!LRU\N!9>!</!56<2/!"P(a!=7!H686!76<2386;!9.!
>938!a(P!7!8<;132!23D459/2(!!

F06!486;1=/982!>98!/06!K-$!;</<!1.=53;6!=517</6!:<81<D562@!29152@!<.;!59=<5!
;8<1.<B6(!!&.:189.76./<5!486;1=/982!1.=53;6!<!7912/386!1.;6A!>897!/06!K-$!<.;!
=517</6!;</<!6A/8<=/6;!>897!/06!bVV!7!862953/19.!`<8<76/68?656:</19.!+6B862219.2!
9.!-.;646.;6./!'59462!%9;65!L`+-'%N!;</<!26/!L 0//4dCC48127(.<=26(98BCN!LR<5J	  et	  
al.!PVVSN(!-!326;!=517</6!;</<!=9886249.;1.B!/9!6<=0!K-$!459/!/9!6:<53</6!6.68BJ!<.;!
7912/386!<:<15<D151/J!<.;!2/8622(!K897!76<.!79./05J!/67468</386!Le)N!<.;!79./05J!
486=141/</19.!L77N!-!=9743/6;!/06!0J;89/0687<5!;6>1=1/!\FR!L;6B866!09382!H1/0!<!
.6B</1:6!H</68!D<5<.=6@!`!f!`&FN@!<.;!H1./68!/67468</386!L)5<8E!6/!<5(!PV"] N(!!F9!
6:<53</6!=9551.6<81/J!-!=9743/6;!:<81<.=6!1.>5</19.!><=/982!Lc-K2N!<.;!=98865</19.2!
48626./6;!1.!F<D56!'"(!!!
 
!"#$%&#'(!12!86=98;6;!<2!4<8/!9>!/06!K-$!=6.232!>98!6<=0!459/(!!!
!
!)*+(&#$%&#,+(-"!<86!=<4/386;!DJ!/0866!:<81<D562@!!
!

𝑢! 𝑢! ! ! ! !
!"# !"#$%!

!"# !"#$%! !"# !"#$%&!
𝑠𝑖𝑛 !"#$%! 𝑐𝑜𝑠 !"#$%&!

!

!
F0686!12!<!7<1.!6>>6=/!9>!25946!L>182/!65676./N@!D3/!/0686!=<.!D6!.9!7<1.!6>>6=/!9>!
<246=/!1.;646.;6./!9>!25946(!->!/06!>182/!=96>>1=16./!12!.9/!;1>>686./!>897!I689@!/06.!
25946!;962!.9/!<>>6=/!/06!86249.26(!!->!D9/0!9>!/06!5<2/!/H9!=96>>1=16./2!<86!.9/!
;1>>686./!>897!I689!/06.!<246=/!;962!.9/!<>>6=/!/06!86249.26!L)5<8E!"SSVN(!
 
F<D56!'"(!c<81<.=6!1.>5</19.!<.;!:<81<D56!=98865</19.!1.!/06!;621B.!7</81A(!!!!
!
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VIF 1.7 1.3 1.0 1.0 1.10 1.40 1.5 1.2 1.4 1.5 1.1 
factor        1 1 1 1 

C
o
r
r
e
l
a
t
i
o
n
 
 

u1 0.13  
u2 0.01 0.01  
u3 -0.04 -0.13 0.00  
stand age -0.19 0.23 0.00 -0.03  
moisture -0.03 -0.04 -0.01 0.01 0.02  
deficit 0.49 -0.21 0.01 0.04 -0.24 0.03  
UltKan 0.19 0.02 0.00 -0.03 -0.10 0.06 0.13  
SpodHist -0.48 -0.19 0.00 0.04 0.11 -0.04 -0.30 -0.10  
Mol -0.04 -0.03 -0.01 0.03 -0.02 0.10 0.13 -0.03 -0.08  
EntVert 0.06 -0.16 0.00 0.05 -0.06 -0.01 0.13 -0.05 -0.14 -0.04  

 



! ] !

!*.)&"/+(, !=9.2/1/3/6!<!><=/98!H1/0!>1:6!56:652@!&./1295Cc68/1295@!%9551295@!
'49;9295C\12/9295@!g5/1295?g;35/2?,<.0<453;35/2!L`16;79./!`5</6<3!29152N@!<.;!
867<1.1.B!g5/12952(!!R</<!H686!6A/8<=/6;!>897!/06!'/</6!'915!h69B8<401=!L'F$F'hiN!
;</<D<26(!!K98!6<=0!K-$!459/@!2915!/J462!<86!=</6B981I6;!D<26;!9.!/06!>182/!/9!/018;!2915!
/<A9.97J!98;682(!F9!5171/!/06!.37D68!9>!56:652!1.!/06!79;65!21715<8!>182/!98;68!
=5<2262!H686!768B6;!1./9!/0626!=</6B98162d!
!
&./1295d!4998!489>156!;6:659476./!
c68/1295d!45<2/1=!=5<J2!
%9551295d!>98768!48<1816!81=0!29152!
'49;9295?\12/9295d!7912/@!98B<.1=@!.3/816./?4998@!59H!4\@!!
g5/1295?g;35/2?,<.0<453;35/2d!=5<J!81=0@!;971.<./!9.!/06!293/06<2/68.!`16;79./!

!
01#."&%#"#!;12=3226;!0686!1.=53;6!H99;!;6.21/J@!266;!7<22@!7<A1737!061B0/@!

56<>!jMk@!56<>!j`k@!246=1>1=!56<>!<86<@!/0866!56<>!0<D1/!:<81<D562@!<.;!/0866!98;1.<5!
/9568<.=6!:<81<D562(!!F06J!<86!1.=53;6;!<2!<!'3445676./!>156(!!K951<8!/8<1/2!H686!
=974156;!>897!$D68!<.;!%<8/1.!L"SSSN@!$59.29!6/!<5(!LPV"VN@!U6<3;6/@!<.;!%622168!
LPVVbN@!)0<41.!<.;! ,6;89H2 E1!L"SbYN@!K1.I1!6/!<5(!LPVV"N@!h157986!6/!<5(!"SS]@!
h89/E944@!<.;!+6G7<.6E(!PVVa@!*6U<368!6/!<5(!LPV"VN@!+1=E56>2@!<.;!%<//06H!L"SbPN@!
+61=0!6/!<5(!L"SSbN@!+162E6!LPVVPN@!g'R$!LPV"]N@!c<.!'<7D66E!6/!<5(!LPVVbN@!c68B3/I!
6/!<5(!LPV"PN@!X<5E68!6/!<5(!LPV"WN(!*6<>!0<D1/!:<81<D562!<86!=</6B981=<5!LV!98!"N@!
1.=53;1.B!D89<;56<>!;6=1;3932@!D89<;56<>!6:68B866.@!<.;!.66;5656<>!6:68B866.(!!
R893B0/@!20<;6@!<.;!>599;!/9568<.=62!<86!98;1.<5!;</<!LM11.676/2!<.;!c<55<;<862!
PVVT@!+322655!6/!<5(!PV"WN(!!$55!9/0682!<86!=9./1.3932!:<81<D562!<.;!H686!=6./686;!
<.;!2/<.;<8;1I6;!>98!<.<5J212(!!'66;!7<22!H<2!>182/!/8<.2>9876;!/9!<!59B!2=<56(!
M1.6/J?61B0/!;971.<./!/866!246=162!H686!1.=53;6;!H1/0!867<1.1.B!246=162!1.!K-$!
B</0686;!1.!<!867<1.;68!=</6B98J(!!!X61B0/2!<86!246=162!<D3.;<.=62@!8648626./6;!<2!
D197<22!>98!6<=0!2<7456!9D/<1.6;!DJ!<55976/81=!=9.:68219.!9>!;1<76/68!;</<!
L'=05164!6/!<5(@!PV"] N(!!!

Computation	  in	  GJAM	  
`92/68198!21735</19.!12!;9.6!DJ!h1DD2!2<7451.B@!<2!;6/<156;!>98!B6.68<51I6;!G91./!
<//81D3/6!79;651.B!Lh#$%N!1.!)5<8E!6/!<5(!LPV"W@!PV"]<N(!h#$%!12!<:<15<D56!>98!+!9.!
)+$M!<.;!>355J!;62=81D6;!0686(!!'<7451.B!/06!h#$%!<5B981/07!>98!/06!;</<!/J462!
1.=53;6;!1.!/012!79;65!12!2377<81I6;!0686(! !

!
+6B862219.!=96>>1=16./2!>98!/06!486;1=/1:6!/8<1/!79;65!L`F%N!<86!2<7456;!>897!

!"# ! ! 𝛃𝐱! ! !

!

! ! !

!!"# !"# ! ! ) 0, ! ⊗ ! !

H0686!48198!=9:<81<.=6!C!12!<22376;!/9!0<:6!1.>1.1/6!:<81<.=6(!F06!=9:<81<.=6!
7</81A!12!34;</6;!>897!!

𝑀𝑉𝑁 ! ! 𝛃𝐱! , Σ
!

!!!

! ! (! !! !/!!

!



! T!

*</6./! wi!<86!2<7456;!>897!/06!/83.=</6;!.987<5!;12/81D3/19.!23DG6=/!/9!<!4<8/1/19.!
/0</!;1>>682!>98!6<=0!;</<!/J46(!!K98!98;1.<5!/9568<.=6!=5<2262!/06!4<8/1/19.!12!<529!
2<7456;(!!&<=0!12!;62=81D6;!0686(!!K98!/06!/8<1/!86249.26!79;65!LF+%N!23D2/1/3/6!ui@!
α@!Ω@!<.;!M!>98!wi@!β@!Σ@!<.;!S.   

Additional	  references	  
$D68@!#(!R(@!<.;!%(!%<8/1.(!"SSS(!*6<>!)06712/8J@!"SSP?"SSY!L$))`N(!

j0//4dCCHHH(;<<=(98.5(B9:k!i<E!+1;B6!M</19.<5!*<D98</98J!R12/81D3/6;!$=/1:6!
$8=01:6!)6./68@!i<E!+1;B6@!F6..62266@!g('($(!;91d"V(YYYWCi+M*R$$)CWP"(!
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