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• B a c k g r o u n d a n d Ai m s R o ot e x u d ati o n a n d r hi z o d e p o siti o n ar e criti c al p at h w a y s f or pl a nt c ar b o n ( C) 
all o c ati o n t o s oil, i n fl u e n ci n g s oil or g a ni c C st a bilit y a n d e c o s y st e m f u n cti o ni n g u n d er c h a n gi n g cli m at e s. 
H o w e v er,  t h e  eff e ct s  of  dr o u g ht  str e s s  o n  t h e s e  b el o w- gr o u n d  pr o c e s s e s  r e m ai n  p o orl y  u n d er st o o d.  W e 
pr o vi d e  a n  u p d at e d  a n d  c o m pr e h e n si v e  a s s e s s m e nt  of  t h e  c urr e nt  st at e  of  k n o wl e d g e  o n  h o w  dr o u g ht 
str e s s  aff e ct s  r o ot- d eri v e d  C  fl u x e s  (r o ot  e x u d at e s,  r hi z o d e p o siti o n)  a cr o s s  di v er s e  f u n cti o n al  t y p e s  a n d 
e x p eri m e nt al s et u p s t o dir e ct f ut ur e r e s e ar c h.
• M et h o d s W e  c o n d u ct e d  a  m et a- a n al y si s  t o  q u a ntif y  h o w  dr o u g ht  str e s s  aff e ct s  t ot al  C  a n d  ot h er 
c o m p o u n d cl a s s e s i n r o ot e x u d ati o n a n d r hi z o d e p o siti o n.
• K e y  R e s ult s O ur  a n al y si s  i n cl u d e d  4 0  d at a  p oi nt s  s p a n ni n g  di v er s e  f u n cti o n al  t y p e s,  e c o s y st e m s, 
s a m pli n g  m et h o d s  a n d  e x p eri m e nt al  c o n diti o n s.  W e  o b s er v e d  t h at  r o ot-r el e a s e d  t ot al  C  si g ni fi c a ntl y
i n cr e a s e d  i n  r e s p o n s e  t o  dr o u g ht  str e s s.  A m o n g  c o m p o u n d  cl a s s e s,  c ar b o h y dr at e s  a n d  or g a ni c  a ci d s  al s o 
i n cr e a s e d  i n  r e s p o n s e  t o  dr o u g ht  str e s s,  s u g g e sti n g  t h e s e  c o m p o u n d  cl a s s e s  m a y  u n d erli e  t ot al  C 
r e s p o n s e s i n r o ot e x u d ati o n a n d r hi z o d e p o siti o n. T h e v ari a bl e s t h at e x pl ai n e d t h e m o st v ari a n c e i n t ot al C 
r e s p o n s e r ati o w er e e c o s y st e m, fl o w eri n g t y p e, c ot yl e d o n t y p e, f u n cti o n al t y p e a n d dr o u g ht i nt e n sit y.  
• C o n cl u si o n s T o dir e ct f ut ur e r e s e ar c h, o ur a n al y si s i d e nti fi e d k n o wl e d g e g a p s, p arti c ul arl y t h e n e e d f or 
st u di e s  t o  e x a mi n e  tr e e s  a n d  s hr u b s,  fi el d- b a s e d  r e s e ar c h,  br o a d er  dr o u g ht  i nt e n sit y  r a n g e s,  a n d 
m e a s ur e m e nt s  of  t ot al  C,  c o m p o u n d  cl a s s e s  a n d  s p e ci fi c  c o m p o u n d s  w h e n  p o s si bl e.  I m pr o vi n g  o ur 
u n d er st a n di n g of r o ot- d eri v e d C r e s p o n s e s t o str e s s i s cr u ci al f or pr e di cti n g t err e stri al C c y cli n g d y n a mi c s 
a n d e c o s y st e m f u n cti o n u n d er i n cr e a s e d dr o u g ht fr e q u e n c y a n d i nt e n sit y.  

K e y  w o r d s: R o ot  e x u d at e s,  r hi z o d e p o siti o n,  dr o u g ht  str e s s,  C  all o c ati o n,  m et a b ol o mi c s,  pl a nt – mi cr o b e 
i nt er a cti o n s, r o ot s. 

I N T R O D U C TI O N s oil.  R hi z o d e p o siti o n  i s  d e fi n e d  a s  all  m at eri al  l o st  fr o m 
r o ot s, i n cl u di n g r o ot e x u d at e s, d e a d r o ot c ell s a n d m at eri al s, 

T h e w orl d’ s s oil s st or e m or e c ar b o n ( C) i n t h e f or m of s oil 
v ol atil e or g a ni c c o m p o u n d s ( V O C s) a n d g a s e s s u c h a s C O 2or g a ni c C ( S O C) t h a n i s st or e d i n t h e at m o s p h er e a n d all li v -
a n d et h yl e n e ( N g u y e n, 2 0 0 3 ; J o n e s et al. , 2 0 0 4; P a u s c h a n d i n g v e g et ati o n c o m bi n e d (L ef è vr e et al. , 2 0 1 7). S O C st a bilit y 
K u z y a k o v,  2 0 1 8 ).  R o ot  e x u d at e s  ar e  s ol u bl e  or g a ni c  c o m-i s ti g htl y li n k e d t o t h e f u n cti o ni n g a n d pr o d u cti vit y of n at u-
p o u n d s  r a n gi n g  fr o m  l o w- m ol e c ul ar  w ei g ht  c o m p o u n d s r al  a n d  a gri c ult ur al  e c o s y st e m s  ( A m u n d s o n et  al. ,  2 0 1 5; 

Cr o wt h er et al. , 2 0 1 9). H o w e v er, t h e u n c ert ai n c o n s e q u e n c- ( e. g. s u g ar s, or g a ni c a ci d s, a mi n o a ci d s, p h e n oli c s) t o hi g h- 

e s of i n cr e a si n g dr o u g ht str e s s o n S O C c h all e n g e o ur a bilit y m ol e c ul ar  w ei g ht  c o m p o u n d s  ( e. g.  s o m e  e n z y m e s)  ( B ai s 

t o  pr e di ct  t err e stri al  C  c y cli n g  d y n a mi c s  u n d er  f ut ur e  cli- et al. , 2 0 0 6; B a dri a n d Vi v a n c o, 2 0 0 9 ). I nt er e st i n r o ot e x u-
m at e s. A k e y m e c h a ni s m i n v ol v e d i n S O C d y n a mi c s i s r hi z o- d at e a n d r hi z o d e p o siti o n r e s e ar c h h a s gr o w n i n r e c e nt y e ar s 
d e p o siti o n,  t h e  r el e a s e  of  pl a nt- d eri v e d  or g a ni c  C  i nt o  t h e d u e  t o  p ot e nti al  a p pli c ati o n s  i n  a gri c ult ur e  a n d  cr o p 

D
o

w
nl

o
a
d
e
d fr

o
m 

htt
ps://

ac
a
d
e

mic.
o
u
p.c

o
m/

a
o
b/

articl
e/

1
3
7/

5/
1
1
5
6/

8
4
1
7
0
0
7 

by 
M
o
nt

a
n
a 

St
at

e 
U
niv

ersity - 
B
oz

e
m
a
n 

us
er 

o
n 

0
6 J

u
n
e 

2
0
2
6 

© T h e A ut h or(s) 2 0 2 6. P u blis h e d b y O xf or d U ni v ersit y Pr ess o n b e h alf of t h e A n n als of B ot a n y C o m p a n y. 
T his is a n O p e n A c c ess arti cl e distri b ut e d u n d er t h e t er ms of t h e Cr e ati v e C o m m o ns Attri b uti o n Li c e ns e ( htt ps:// cr e ati v e c o m m o ns. or g/li c e ns es / 

b y/ 4. 0/ ), w hi c h p er mits u nr estri ct e d r e us e, distri b uti o n, a n d r e pr o d u cti o n i n a n y m e di u m, pr o vi d e d t h e ori gi n al w or k is pr o p erl y cit e d.  

A N N A L S  O F 

B Q J:t J: ~ X 

• 

https://orcid.org/0000-0002-2367-4193
mailto:Danielle.Ulrich@montana.edu
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/aob/mcag007
https://www.academic.oup.com/aob
https://creativecommons.org/licenses
https://academic.oup.com/aob/article/137/5/1156/8417007
mailto:Danielle.Ulrich@montana.edu
www.academic.oup.com/aob
https://doi.org/10.1093/aob/mcag007


Ulri c h et al. — Dr o u g ht str e s s i n cr e a s e s t ot al C r el e a s e d fr o m r o ot s 1 1 5 7  

pr o d u cti vit y ( B u s b y et al. , 2 0 1 7; Z a m b elli et al. , 2 0 2 5), e n gi-
n e eri n g t h e r hi z o s p h er e f or s oil C s e q u e str ati o n ( W a n g a n d 
K u z y a k o v, 2 0 2 4 ), di s e a s e m a n a g e m e nt (L a mi c h h a n e et al. , 
2 0 2 4 )  a n d  e c o s y st e m  f u n cti o n  (Vill ari n o et  al. ,  2 0 2 1; M a 
et al. , 2 0 2 2; P a n c h al et al. , 2 0 2 2; D el or y et al. , 2 0 2 4).

T h e eff e ct s of r o ot- d eri v e d c o m p o u n d s o n e c o s y st e m f u n c -
ti o n o c c ur t hr o u g h m ulti pl e p at h w a y s (M e n d e s et al. , 2 0 1 3; 
Br u n n et  al. , 2 0 2 5)  i n cl u di n g: c h e mi c al si g n alli n g  b et w e e n 
pl a nt s  a n d  ot h er  or g a ni s m s  ( B ai s et  al. ,  2 0 0 6; B a et z  a n d 
M arti n oi a,  2 0 1 4 ; H ai c h ar et  al. ,  2 0 1 4; H a s s a n et  al. ,  2 0 1 9);
m ai nt ai ni n g  r hi z o s p h er e  w at er  c o nt e nt  ( C ar mi n ati et  al. , 
2 0 1 6 ; Ulri c h et  al. ,  2 0 1 9);  f or mi n g  mi n er al- a s s o ci at e d  S O C 
(S o k ol et  al. ,  2 0 1 9);  d e st a bili zi n g  S O C  t hr o u g h  di sr u pti o n 
of  mi n er al  or g a ni c  a s s o ci ati o n s  ( K eil u w eit et  al. ,  2 0 1 5; 
S o k ol et al. , 2 0 1 9; C h ari a n d T a yl or, 2 0 2 2 ); pri mi n g mi cr o bi-
al  c o m m u nit y  a cti vit y  ( K u z y a k o v  a n d  D o m a n s ki,  2 0 0 0 ; 
Dij k str a et  al. ,  2 0 2 1; Y a n et  al. ,  2 0 2 3);  i n cr e a si n g  n utri e nt 
a v ail a bilit y t o pl a nt s a n d mi cr o b e s ( C h ai a n d S c h a c ht m a n, 
2 0 2 2 );  i n hi biti n g  gr o wt h  of  s oil- b or n e  p at h o g e n s  (L a n o u e 
et  al. ,  2 0 1 0);  s h a pi n g  mi cr o bi al  c o m m u niti e s  (v a n  D a m 
a n d  B o u w m e e st er,  2 0 1 6 ; G o e m a n n et  al. ,  2 0 2 4);  a n d  s u p-
p orti n g  mi cr o bi ot a  t o  f a cilit at e  a d a pt ati o n  t o  str e s s  ( B a et z 
a n d  M arti n oi a,  2 0 1 4 ; R olf e et  al. ,  2 0 1 9).  C o n si d eri n g  t h e s e 
f u n cti o n al  r ol e s,  r o ot  e x u d ati o n  a n d  r hi z o d e p o siti o n  ar e 
c e ntr al  t o  S O C  st a bilit y  a n d  l o n g-t er m  C  s e q u e str ati o n,
a n d  u n d erli e  e c o s y st e m  a n d  a gri c ult ur al  pr o d u cti vit y  r e -
s p o n s e s  t o  e n vir o n m e nt al  c h a n g e  ( d e  Vri e s et  al. ,  2 0 2 0; 
Willi a m s  a n d  d e  Vri e s,  2 0 2 0 ; J h a et  al. ,  2 0 2 4; Kr ut hi k a 
et al. , 2 0 2 4).

Dr o u g ht str e s s c a n r e d u c e a pl a nt’ s a bilit y t o a s si mil at e C 
t hr o u g h p h ot o s y nt h e si s a n d aff e ct h o w C i s all o c at e d t o e s-
s e nti al  f u n cti o n s,  i n cl u di n g  a b o v e- a n d  b el o w- gr o u n d
gr o wt h,  r e pr o d u cti o n,  m et a b oli s m  a n d  str e s s  r e si st a n c e 
(H art m a n n  a n d  Tr u m b or e,  2 0 1 6 ).  A m o n g  t h e s e  C  si n k s  i s 
t h e all o c ati o n of C dir e ctl y t o s oil t hr o u g h r hi z o d e p o siti o n 
a n d  r o ot  e x u d at e s.  H o w e v er,  h o w  dr o u g ht  str e s s  aff e ct s 
t h e s e  b el o w- gr o u n d  pr o c e s s e s  r e m ai n s  p o orl y  u n d er st o o d, 
l ar g el y d u e t o t h e c h all e n g e s of q u a ntif yi n g r o ot e x u d ati o n 
a n d r hi z o d e p o siti o n ( O b ur g er a n d J o n e s, 2 0 1 8 ; Vi v e s- P eri s 
et al. , 2 0 2 0; Kr ut hi k a et al. , 2 0 2 4; Br u n n et al. , 2 0 2 5). Fir st, 
t h e q u a ntit y a n d c o m p o siti o n of e x u d ati o n a n d r hi z o d e p o si-
ti o n ar e hi g hl y v ari a bl e t e m p or all y a n d s p ati all y a n d aff e ct e d 
b y m ulti pl e f a ct or s. F or e x a m pl e, t h e q u a ntit y a n d c o m p o si -
ti o n of r o ot e x u d at e s c a n v ar y wit h bi oti c a n d a bi oti c str e s s 
t y p e,  d ur ati o n  a n d  s e v erit y  (Willi a m s  a n d  d e  Vri e s,  2 0 2 0 ), 
o v er  t h e  lif e  c y cl e  of  a  pl a nt  ( L y n c h  a n d  W hi p p s,  1 9 9 0 ; 
N g u y e n, 2 0 0 3 ; Z h al ni n a et al. , 2 0 1 8), i n diff er e nt r o ot t y p e s 
a n d  r e gi o n s  ( Ti zi a ni et  al. ,  2 0 2 2; G a o et  al. ,  2 0 2 4; Ti xi er 
et al. , 2 0 2 5), di ur n all y (M c L a u g hli n et al. , 2 0 2 3) a n d s e a s o n-
all y ( G a o et al. , 2 0 2 4), a n d b y pl a nt s p e ci e s (K u z y a k o v a n d 
D o m a n s ki, 2 0 0 0 ), f u n cti o n al t y p e a n d e n vir o n m e nt al c o n di-
ti o n s  (Willi a m s et  al. ,  2 0 2 2),  i n cl u di n g  dr o u g ht  s e v erit y 
(Ulri c h et  al. ,  2 0 2 2)  a n d  r e c o v er y  (G ar g all o- G arri g a et  al. , 
2 0 1 8 ).  S e c o n d,  n u m er o u s  m et h o d s  ar e  u s e d  t o  q u a ntif y 
r o ot  e x u d ati o n  a n d  r hi z o d e p o siti o n  a cr o s s  st u di e s,  wit h 
e a c h m et h o d h a vi n g di sti n ct a d v a nt a g e s a n d di s a d v a nt a g e s, 
a n d f e w st u di e s c o m p ari n g m et h o d s i n t h e s a m e e x p eri m e nt 
(O b ur g er a n d J o n e s, 2 0 1 8 ; Willi a m s et al. , 2 0 2 1). C o m m o n 
m et h o d s  i n cl u d e  h y dr o p o ni c  s y st e m s,  l e a c h at e  c oll e cti o n, 
e x u d ati o n  tr a p s, i n  sit u c oll e cti o n  wit h  r hi z otr o n s  a n d  i s o -
t o p e  l a b elli n g.  A d diti o n all y,  it  i s  e xtr e m el y  dif fi c ult  at  t h e 

e x p eri m e nt al  l e v el  t o  a c c ur at el y  di sti n g ui s h  r o ot  e x u d at e s 
a n d  r hi z o d e p o sit s  i n  s p a c e  a n d  ti m e  ( J o n e s et  al. ,  2 0 0 9).
Fi n all y, t h e m e c h a ni s m of r o ot e x u d ati o n, i n cl u di n g w h et h -
er it i s a n a cti v e or p a s si v e pr o c e s s, r e m ai n s p o orl y u n d er -
st o o d ( F arr ar a n d J o n e s, 2 0 0 0 ; Pr e s c ott et al. , 2 0 2 0).

Gi v e n t h e s e f a ct or s, e sti m at e s of t h e a m o u nt a n d r at e of C 
all o c at e d t o r o ot e x u d ati o n a n d r hi z o d e p o siti o n v ar y wi d el y. 
C urr e nt  e sti m at e s ar e  t h at ∼ 1 6 – 5 0  % of  p h ot o s y nt h eti c all y 
fi x e d  C  i s  all o c at e d  b el o w  gr o u n d  ( K u z y a k o v  a n d 
D o m a n s ki,  2 0 0 0 ; D erri e n et  al. ,  2 0 0 4),  wit h  r o u g hl y  5 0  % 
of t h at  g oi n g t o r o ot bi o m a s s, 3 3 % t o r hi z o s p h er e r e s pir a -
ti o n, a n d a n y w h er e fr o m 1 7 t o 9 0 % t o r hi z o d e p o siti o n a n d 
r o ot  e x u d ati o n  ( L y n c h  a n d  W hi p p s,  1 9 9 0 ; J o n e s et  al. , 
2 0 0 4 , 2 0 0 9 ; H ai c h ar et  al. ,  2 0 1 4, 2 0 1 6 ; C h ari et  al. ,  2 0 2 4).
O v er all,  2 – 4 0  %  of  p h ot o s y nt h eti c all y  fl x e d  C  m a y  b e  r e -
l e a s e d  vi a  r hi z o d e p o siti o n  a n d  r o ot  e x u d ati o n  (L y n c h  a n d 
W hi p p s,  1 9 9 0 ; N g u y e n,  2 0 0 3 ; J o n e s et  al. ,  2 0 0 4, 2 0 0 9 ; 
Pi nt o n et  al. ,  2 0 0 7; B a dri  a n d  Vi v a n c o,  2 0 0 9 ; P a u s c h  a n d 
K u z y a k o v, 2 0 1 8 ; S a s s e et al. , 2 0 1 8; J h a et al. , 2 0 2 4). T h e s e u n-
c ert ai nti e s i n q u a nti fl c ati o n i n i s ol at e d st u di e s li mit o ur a bil -
it y  t o  u n d er st a n d  h o w  e n vir o n m e nt al  str e s s e s  s u c h  a s 
dr o u g ht i m p a ct C all o c ati o n t o r o ot e x u d ati o n a n d r hi z o d e -
p o siti o n a n d c o n s e q u e ntl y o ur a bilit y t o u n d er st a n d a n d pr e -
di ct  t err e stri al  C  st or a g e  a n d  c y cli n g.  M et a- a n al y si s  c a n 
i m pr o v e  o ur  u n d er st a n di n g  of  t h e  br o a d- s c al e  eff e ct s  of 
dr o u g ht str e s s o n r o ot e x u d ati o n a n d r hi z o d e p o siti o n, e s p e -
ci all y  i n  s u m m ari zi n g  p att er n s  a n d  i d e ntif yi n g  k n o wl e d g e 
g a p s ( G ur e vit c h et al. , 2 0 1 8).

A pr e vi o u s r e vi e w ( Pr e e c e a n d P e ñ u el a s, 2 0 1 6 ) a n al y s e d 
ni n e  st u di e s  p u bli s h e d  b et w e e n  1 9 9 0  a n d  2 0 1 5  a n d  f o u n d 
t h at  r hi z o d e p o siti o n  i n cr e a s e d  u n d er  m o d er at e  dr o u g ht
c o n diti o n s b ut w a s v ari a bl e u n d er m or e s e v er e dr o u g ht c o n -
diti o n s. T h e a ut h or s n ot e d t h at t h e s c ar cit y of w ell- d e fi n e d 
st u di e s  pr e cl u d e d  a  c o m pl et e  m et a- a n al y si s.  W e  b uilt  o n 
t hi s  st u d y  b y  s y nt h e si zi n g  t h e  gr o wi n g  b o d y  of  lit er at ur e 
t h at i n cl u d e d m or e st u di e s, f u n cti o n al t y p e s a n d c oll e cti o n 
m et h o d s. O ur m et a- a n al y si s s o u g ht t o s y st e m ati c all y s ur v e y 
c urr e nt lit er at ur e t o ( 1) q u a ntif y h o w dr o u g ht str e s s aff e ct s 
t h e  dir e cti o n  a n d  m a g nit u d e  of  c h a n g e s  i n  r o ot  e x u d at e 
a n d r hi z o d e p o siti o n q u a ntit y a n d c o m p o siti o n, ( 2) i d e ntif y 
h o w r o ot e x u d at e a n d r hi z o d e p o siti o n r e s p o n s e s t o dr o u g ht 
diff er b y f u n cti o n al t y p e, d e v el o p m e nt al st a g e, e x p eri m e nt al 
c o n diti o n s  a n d  s a m pli n g  m et h o d,  a n d  ( 3)  i d e ntif y  c urr e nt 
k n o wl e d g e g a p s t o dir e ct f ut ur e r e s e ar c h.  

M A T E RI A L S A N D M E T H O D S  

St u d y s el e cti o n  

W e  s e ar c h e d  I SI  W e b  of  S ci e n c e  f or  p e er-r e vi e w e d  st u di e s 
fr o m  1 9 8 0  t o  2 0 2 3  u si n g  t h e  f oll o wi n g  s e ar c h  t er m s:  ‘r o ot 
e x u d at * dr o u g ht’.  I n  a d diti o n,  w e  m a n u all y  a d d e d  p u bli c a -
ti o n s  n ot  f o u n d  i n  o ur  i niti al  W e b  of  S ci e n c e  s e ar c h  t h at 
w er e  i n cl u d e d  i n  pr e vi o u s  r e vi e w s  o n  t h e  t o pi c  ( Pr e e c e 
a n d  P e ñ u el a s,  2 0 1 6 ; C h ai  a n d  S c h a c ht m a n,  2 0 2 2 ).  T hi s 
yi el d e d a t ot al of 2 5 0 st u di e s wit h 2 1 6 st u di e s t h at r ef er e n c e d 
dr o u g ht str e s s. W e s cr e e n e d p u bli c ati o n s f or st u di e s t h at i n -
cl u d e d: ( 1) a d e fl n a bl e m a ni p ul ati o n of w at er str e s s l e v el a s 
t h e tr e at m e nt; ( 2) a c o m p ari s o n b et w e e n tr e at m e nt a n d c o n-
tr ol  gr o u p s;  ( 3)  m e a s ur e m e nt s  of  m e a n,  err or  a n d  s a m pl e 
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si z e of r o ot e x u d at e or r hi z o d e p o siti o n q u a ntit y ( c o n c e ntr a -
ti o n,  r at e),  c o m p o u n d  cl a s s e s  a n d/ or  s p e ci fi c  c o m p o u n d s, 
a n d  ( 4)  r o ot  dr y  bi o m a s s  m e a s ur e m e nt s  f or  c o ntr ol  a n d 
tr e at m e nt gr o u p s t o st a n d ar di z e all m e a s ur e m e nt s. W e eli m-
i n at e d  r e vi e w s,  c o m m e nt ari e s  a n d  p u bli c ati o n s  t h at  u s e d 
p ol y et h yl e n e gl y c ol ( P E G) t o i n d u c e o s m oti c str e s s i n a s ol -
uti o n, a n d p u bli c ati o n s t h at r e p ort e d o nl y r o ot e x u d at e r el -
ati v e c o m p o siti o n a n d n ot q u a ntit y. O ur s cr e e ni n g pr o c e s s 
yi el d e d 2 9 st u di e s o n dr o u g ht str e s s t h at w e i n cl u d e d i n s u b -
s e q u e nt  a n al y s e s  (r ef er e n c e s  i n  S u p pl e m e nt ar y  D at a 
Lit er at ur e Cit e d).  

D at a a c q uisiti o n  

F or e a c h st u d y, w e s ur v e y e d t h e r e s p o n s e v ari a bl e (r o ot C 
t y p e; r o ot e x u d at e, r hi z o d e p o siti o n), r e s p o n s e v ari a bl e q u a n-
tit y ( c o n c e ntr ati o n or r at e), c o m p o u n d t y p e c oll e ct e d (t ot al 
C, t ot al N, pr ot ei n a n d a mi n o a ci d s, c ar b o h y dr at e s a n d r el at -
e d  c o m p o u n d s,  or g a ni c  a ci d s,  a n d  li pi d s  a n d  r el at e d  c o m -
p o u n d s  (f att y  a ci d s,  f att y  al c o h ol s,  st er ol s)),  e c o s y st e m
( a gri c ult ur al, gr a s sl a n d, s hr u bl a n d, f or e st), lif e hi st or y ( a n-
n u al,  p er e n ni al),  fi o w eri n g  t y p e  ( a n gi o s p er m,  g y m n o -
s p er m),  c ot yl e d o n  t y p e  ( m o n o c ot,  di c ot),  f u n cti o n al  t y p e
( gr a s s, f or b, l e g u m e, gr a s s/f or b/l e g u m e mi x, br o a dl e af tr e e, 
c o nif er,  s hr u b),  d e v el o p m e nt al  st a g e  ( s e e dli n g,  j u v e nil e, 
a d ult), s p e ci e s  c ulti v at e d f or  a gri c ult ur e or  n ot ( c ulti v at e d, 
wil d), e x p eri m e nt al s et u p ( gr e e n h o u s e, fl el d), a n d s a m pli n g 
m et h o d  ( e x u d ati o n  tr a p,  s oil – h y dr o p o ni c  h y bri d,  i s ot o p e- 
b a s e d,  l e a c h at e  c oll e cti o n,  s oil  s u s p e n si o n).  W e  d e fl n e  t h e 
e x u d ati o n tr a p m et h o d a s u si n g a n e x u d ati o n tr a p ( e. g. c u -
v ett e) t o c oll e ct e x u d at e s fr o m i nt a ct r o ot s still att a c h e d t o 
a  li v e  pl a nt,  t h e  s oil – h y dr o p o ni c  h y bri d  m et h o d  a s  tr a n s -
pl a nti n g t h e e ntir e i nt a ct pl a nt a n d r o ot s y st e m t o a h y dr o -
p o ni c s y st e m a n d/ or C-fr e e m e di u m f or e x u d at e c oll e cti o n, 
t h e i s ot o p e- b a s e d m et h o d a s u si n g i s ot o p e tr a c er s a n d l a b el-
li n g, t h e l e a c h at e c oll e cti o n m et h o d a s s o a ki n g r o ot s i n a s ol-
uti o n  a n d  c oll e cti n g  e x u d at e s  fr o m  t h e  s ol uti o n  wit h o ut 
e x c a v ati o n, a n d t h e s oil s u s p e n si o n m et h o d a s ri n si n g r o ot s 
a n d r hi z o s p h er e s oil wit h a b uff er a n d c oll e cti n g t h e filt er e d 
s u s p e n si o n.

M e a n r o ot e x u d at e a n d r hi z o d e p o siti o n v al u e s of t ot al C 
a n d  c o m p o u n d  cl a s s e s,  s a m pl e s  si z e s  a n d  r o ot  dr y  w ei g ht 
f or tr e at m e nt a n d c o ntr ol gr o u p s w er e c oll e ct e d fr o m e a c h 
st u d y. W e u s e d I m a g e J ( S c h n ei d er et al. , 2 0 1 2) t o di giti z e fl g-
ur e s a n d d et er mi n e m e a n a n d st a n d ar d err or v al u e s if r a w 
v al u e s w er e n ot pr o vi d e d. S o m e p u bli c ati o n s m e a s ur e d m ul -
ti pl e dr o u g ht tr e at m e nt s ( e. g. s e v erit y), s p e ci e s, g e n ot y p e s of 
a  si n gl e  s p e ci e s,  s p e ci e s/ g e n ot y p e s  gr o w n  t o g et h er  a n d 
gr o w n  s e p ar at el y,  c o m p o u n d  cl a s s e s  a n d/ or  s p e ci fi c  c o m -
p o u n d s.  I n  t h e s e  i n st a n c e s,  t h e  r e s p o n s e  of  e a c h  dr o u g ht 
tr e at m e nt, s p e ci e s, g e n ot y p e or c o m p o u n d cl a s s w a s c o n si d-
er e d it s o w n d at a p oi nt, r e s ulti n g i n 4 0 d at a p oi nt s m e a s ur -
i n g  a  f or m  of  t ot al  C  a n d  3 9  d at a  p oi nt s  m e a s uri n g  ot h er 
c o m p o u n d cl a s s e s (t ot al C, t ot al N, pr ot ei n a n d a mi n o a ci d s, 
c ar b o h y dr at e s,  li pi d s  a n d  r el at e d  c o m p o u n d s,  or g a ni c  a c -
i d s). W h e n s p e ci fi c c o m p o u n d s w er e m e a s ur e d, w e a v er a g e d 
t h e eff e ct si z e s of i n di vi d u al  c o m p o u n d s f or  t h e r e s p e cti v e 
c o m p o u n d  cl a s s  (i. e.  o n e  eff e ct  si z e  p er  c o m p o u n d  cl a s s). 
W e f o c u s e d o n c o m p o u n d cl a s s e s r at h er t h a n s p e ci fi c c o m -
p o u n d s  b e c a u s e  t h e  f e w  st u di e s  t h at  a n al y s e d  s p e ci fi c 

c o m p o u n d s di d n ot al w a y s m e a s ur e t h e s a m e s p e ci fi c c o m -
p o u n d. T ot al C ( al s o k n o w n a s s p e ci fi c e x u d ati o n r at e) w a s 
c al c ul at e d p er gr a m of r o ot bi o m a s s a n d i n cl u d e d: t ot al or -
g a ni c c ar b o n ( T O C), di s s ol v e d or g a ni c c ar b o n ( D O C), s ol u -
bl e C, e xtr a ct a bl e or g a ni c c ar b o n ( E O C) i n s oil, p er c e nt a g e 
at o m e x c e s s of 1 3 C a n d p er c e nt a g e at o m e x c e s s of 1 4 C a n d 
pl a nt- d eri v e d S O C. Dr o u g ht i nt e n sit y w a s c al c ul at e d b a s e d 
o n Pr e e c e a n d P e ñ u el a s ( 2 0 1 6),  i n w hi c h t h e d ur ati o n of r e-
d u c e d w at er (i n d a y s) i s m ulti pli e d b y t h e r e d u cti o n i n w at er 
r el ati v e t o t h e c o ntr ol ( a s a pr o p orti o n).  

St atisti c al a n al ysis  

All  st ati sti c al  a n al y si s  w a s  c o n d u ct e d  i n  R  v er si o n 
2 0 2 5. 0 5. 1 + 5 1 3  a n d  M et a Wi n 3  s oft w ar e  v er si o n  3. 1. 0 
(R o s e n b er g, 2 0 2 4 ). W e c al c ul at e d t h e eff e ct of dr o u g ht tr e at-
m e nt ( o n t ot al C a n d c o m p o u n d cl a s s e s r el e a s e d a s e x u d at e s 
or r hi z o d e p o sit s) a s t h e r e s p o n s e r ati o ( R R). T h e R R w a s c al -
c ul at e d  a s  t h e  n at ur al  l o g  of  t h e  diff er e n c e  i n  m e a n  tr e at -
m e nt ( dr o u g ht) v al u e ( X̅ E ) a n d t h e m e a n c o ntr ol ( a m bi e nt) 
v al u e  ( X̅  

c )  (H e d g e s et  al. ,  1 9 9 9).  T h e  n at ur al  l o g arit h m  of 
t h e r e s p o n s e r ati o ( 1) li n e ari z e s t h e m etri c, s o t h at t h e R R 
i s aff e ct e d e q u all y b y c h a n g e s i n t h e n u m er at or a n d d e n o m-
i n at or, a n d ( 2) n or m all y di stri b ut e s R R. A n R R of 0 i n di c at e s 
n o eff e ct of dr o u g ht tr e at m e nt o n t h e r e s p o n s e v ari a bl e. If a 
9 5 % c o n fi d e n c e i nt er v al di d n ot i nt er s e ct wit h 0, t h e R R w a s 
c o n si d er e d si g ni fi c a nt. T h e R R w a s d et er mi n e d f or t ot al C, 
c o m p o u n d  cl a s s e s  a n d  s p e ci fi c  c o m p o u n d s.  If  a  st u d y  i n -
cl u d e d s p e ci fi c c o m p o u n d s, w e a v er a g e d t h e R R of e a c h s p e -
ci fi c  c o m p o u n d  t o  d et er mi n e  t h e  m e a n  R R  f or  e a c h 
c o m p o u n d  cl a s s  s o  t h at  e a c h  st u d y  h a d  o n e  m e a n  R R  f or 
e a c h  c o m p o u n d  cl a s s.  T ot al  C  R R  w a s  d et er mi n e d  f or  t h e 
f oll o wi n g:  e c o s y st e m  ( a gri c ult ur al,  gr a s sl a n d,  s hr u bl a n d, 
f or e st); lif e hi st or y ( a n n u al, p er e n ni al); fl o w eri n g t y p e ( a n-
gi o s p er m,  g y m n o s p er m);  c ot yl e d o n  t y p e  ( m o n o c ot,  di c ot); 
f u n cti o n al  t y p e  ( gr a s s,  f or b,  l e g u m e,  gr a s s/f or b/l e g u m e
mi x,  br o a dl e af  tr e e,  c o nif er,  s hr u b);  d e v el o p m e nt al  st a g e 
( s e e dli n g, j u v e nil e, a d ult); s p e ci e s c ulti v at e d f or a gri c ult ur e 
or  n ot  ( c ulti v at e d,  wil d);  e x p eri m e nt al  s et u p  ( gr e e n h o u s e, 
fi el d);  t y p e  of  r o ot  C  (r o ot  e x u d at e,  r hi z o d e p o siti o n);  a n d 
s a m pli n g  m et h o d  ( e x u d ati o n  tr a p,  s oil- h y dr o p o ni c- h y bri d, 
i s ot o p e- b a s e d, l e a c h at e c oll e cti o n, s oil s u s p e n si o n).

F or t h e 4 0 t ot al C R R d at a p oi nt s, w e u s e d t w o diff er e nt 
a p pr o a c h e s  t o  t e st  f or  t h e  pr e s e n c e  of  p u bli c ati o n  bi a s: 
E g g er’ s r e gr e s si o n t e st ( E g g er et al. , 1 9 9 7) a n d a r a n k c orr e-
l ati o n  t e st  b a s e d  o n  K e n d all’ s τ (K e n d all,  1 9 3 8 ; B e g g  a n d 
M a z u m d ar, 1 9 9 4 ). W e u s e d a r a n d o m eff e ct s m o d el, w hi c h 
a c c o u nt s  f or  b ot h  wit hi n- a n d  b et w e e n- st u d y  v ari ati o n 
wit h 9 5 % c o n fi d e n c e i nt er v al s a n d b o ot str a p p e d c o n fi d e n c e 
i nt er v al s wit h 9 9 9 it er ati o n s t o q u a ntif y t h e l e v el of h et er o-
g e n eit y ( Q = t ot al h et er o g e n eit y; I2 = p er c e nt a g e of t ot al v ar -
i ati o n  t h at  i s  d u e  t o  h et er o g e n eit y  r at h er  t h a n  c h a n c e 
( s a m pli n g err or) a m o n g st u di e s).

S e v er al st u di e s c o ntri b ut e d m ulti pl e R R d at a p oi nt s ( d u e 
t o m ulti pl e s p e ci e s or tr e at m e nt s wit hi n a st u d y), vi ol ati n g 
t h e  i n d e p e n d e n c e  a s s u m pti o n  of  a  st a n d ar d  m et a- a n al y si s 
(H e d g e s et al. , 2 0 1 0). T o a d dr e s s t hi s, w e a dj u st e d t h e s a m-
pli n g v ari a n c e of e a c h R R b y t h e n u m b er of R R d at a p oi nt s 
c o ntri b ut e d b y t h at st u d y. T hi s a p pr o a c h e n s ur e s t h at e a c h 
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st u d y  c o ntri b ut e s  a p pr o xi m at el y  e q u al  w ei g ht  t o  t h e 
a n al y si s.

T o i d e ntif y f a ct or s t h at mi g ht e x pl ai n t h e h et er o g e n eit y i n 
t ot al C R R a n d t o e x a mi n e h o w t ot al C R R v ari e d wit hi n dif-
f er e nt c at e g ori e s, w e u s e d r a n d o m eff e ct s c at e g ori c al m o d el s 
of t ot al C f or t h e c at e g ori e s ( v ari a bl e s) li st e d a b o v e ( e c o s y s -
t e m, lif e hi st or y, fi o w eri n g t y p e, c ot yl e d o n t y p e, f u n cti o n al 
t y p e, d e v el o p m e nt al st a g e, s p e ci e s c ulti v at e d f or a gri c ult ur e 
or  n ot  ( wil d),  e x p eri m e nt al  s et u p,  r o ot  C  t y p e,  s a m pli n g 
m et h o d). T hi s eff ort r e s ult e d i n Q t ot al, w hi c h i s t h e t ot al h et-
er o g e n eit y  a m o n g  R R s  a n d  e q u al s  t h e  s u m  of Q wit hi n a n d 
Q b et w e e n (Q t ot al = Q wit hi n + Q b et w e e n ). Q wit hi n i s t h e h et er o g e-
n eit y wit hi n s u b gr o u p s of a c at e g or y ( e. g. f or e st, gr a s sl a n d, 
a gri c ult ur e  a n d  s hr u bl a n d  wit hi n  t h e  c at e g or y  of  e c o s y s -
t e m). Q b et w e e n i s  t h e  v ari a n c e  e x pl ai n e d  b y  t h e  v ari a bl e 
( e. g. e c o s y st e m)  b et w e e n  s u b gr o u p s. P - v al u e s  < 0. 0 5  f or 
Q b et w e e n w er e u s e d t o i n di c at e t h at s u b gr o u p s wit hi n a c at e -
g or y ( e. g. e c o s y st e m) diff er e d si g ni fi c a ntl y a n d t h at t h e v ar -
i a bl e ( e. g. e c o s y st e m) i s st ati sti c all y i m p ort a nt i n e x pl ai ni n g 
v ari a n c e. τ 2 i s t h e e sti m at e of p o ol e d v ari a n c e a cr o s s all st u d-
i e s, r e pr e s e nti n g h o w m u c h tr u e R R s v ar y. R e si d u al τ 2 i s t h e 
v ari a n c e  t h at  r e m ai n s  wit hi n  s u b gr o u p s  aft er  gr o u pi n g  b y 
e a c h v ari a bl e (i. e. a l o w r e si d u al τ 2 i n di c at e s t h at t h at v ari-
a bl e e x pl ai n s n e arl y all of t h e v ari a n c e or t h at p oi nt s wit hi n 
s u b gr o u p s ar e h o m o g e n e o u s). T h e v ari a bl e s t h at e x pl ai n e d 
t h e m o st v ari a n c e ( a n d h a d P < 0. 0 5) h a d t h e s m all e st r e si d -
u al τ 2 a n d l ar g e st p er c e nt a g e r e d u cti o n i n τ 2 . 

T o e v al u at e h o w t ot al C v ari e d wit h dr o u g ht i nt e n sit y, w e 
u s e d  a  r a n d o m  eff e ct s  c o nti n u o u s  m o d el  i n  a n  a p pr o a c h
si mil ar t o t h at d e s cri b e d a b o v e. T o d et er mi n e if t ot al C R R 
w a s si g ni fl c a ntl y r el at e d t o dr o u g ht i nt e n sit y, w e u s e d a li n -
e ar mi x e d eff e ct s m o d el fltt e d b y r e stri ct e d m a xi m u m li k eli -
h o o d  ( R E M L)  wit h  t ot al  C  R R  a s  t h e  r e s p o n s e  v ari a bl e, 
dr o u g ht i nt e n sit y a s a fi x e d eff e ct, a n d st u d y a s a r a n d o m ef -
f e ct  t o  a c c o u nt  f or  st u di e s  t h at  c o ntri b ut e d  m ulti pl e  d at a 
p oi nt s  d u e  t o  m ulti pl e  dr o u g ht  tr e at m e nt s  a n d/ or  s p e ci e s 
wit hi n a si n gl e st u d y. O utli er s w er e c h e c k e d u si n g t h e i nt er -
q u artil e r a n g e (I Q R) m et h o d ( d at a p oi nt s b e y o n d q u artil e 1  
± 1. 5 × I Q R) a n d i n fl u e n c e di a g n o sti c s ( C o o k’ s di st a n c e > 4/ 
n ), a n d c o m p ari n g m o d el s wit h a n d wit h o ut t h e o utli er t o a s-
s e s s t h e i m p a ct of o utli er r e m o v al o n r e gr e s si o n p ar a m et er s.  

R E S U L T S  

S u m m ar y st atisti cs  

W e i d e nti fi e d 2 9 st u di e s t h at m at c h e d o ur s el e cti o n crit eri a 
(r ef er e n c e s  i n S u p pl e m e nt ar y  D at a  T a bl e  S 1  a n d 
S u p pl e m e nt ar y D at a Lit er at ur e Cit e d). T h e 2 9 st u di e s v ari e d 
i n  s p e ci e s,  e c o s y st e m,  f u n cti o n al  t y p e,  e x p eri m e nt al  s et u p 
a n d  s a m pli n g  m et h o d s  ( Fi g.  1 , S u p pl e m e nt ar y  D at a 
T a bl e S 1 ). O v er all, t h e m aj orit y of st u di e s i n v e sti g at e d a gri-
c ult ur al  e c o s y st e m s  ( a n  e c o s y st e m  pri m aril y  m a n a g e d  t o 
pr o d u c e f o o d, f u el or fi br e; 1 5 st u di e s), p er e n ni al s ( 1 4 st u d -
i e s), a n gi o s p er m s ( 2 6 st u di e s), m o n o c ot s ( 1 3 st u di e s), gr a s s 
s p e ci e s ( 1 2 st u di e s), t h e a d ult d e v el o p m e nt al st a g e ( 1 8 st u d -
i e s), c ulti v at e d s p e ci e s ( s p e ci e s gr o w n a s eit h er cr o p s or f or-
a g e;  1 5  st u di e s),  c o ntr oll e d  e x p eri m e nt al  s etti n g s
( gr e e n h o u s e or gr o wt h c h a m b er; 2 0 st u di e s), r o ot e x u d at e s 
( 1 9  st u di e s)  a n d  t h e  i s ot o p e- b a s e d  s a m pli n g  m et h o d  ( 1 1 

st u di e s).  R o ot  e x u d ati o n  a n d  r hi z o d e p o siti o n  diff er e d  i n 
t h e  n u m b er  of  s a m pli n g  m et h o d s  u s e d.  R o ot  e x u d ati o n 
w a s m e a s ur e d u si n g fi v e m et h o d s: i s ot o p e- b a s e d (t w o st u d -
i e s), e x u d ati o n tr a p ( si x st u di e s), s oil – h y dr o p o ni c h y bri d ( si x 
st u di e s), l e a c h at e c oll e cti o n (f o ur st u di e s) a n d s oil s u s p e n -
si o n ( o n e st u d y). I n c o ntr a st, r hi z o d e p o siti o n w a s m e a s ur e d 
wit h o nl y t h e i s ot o p e- b a s e d ( ni n e st u di e s) a n d s oil s u s p e n -
si o n  m et h o d s  ( o n e  st u d y).  W e  o b s er v e d  t h at  t h e  m aj orit y 
of  d at a  p oi nt s  m e a s ur e d  t ot al  C  ( n = 4 0  d at a  p oi nt s)  i n  all 
f u n cti o n al  t y p e s  o v er  a  br o a d  dr o u g ht  i nt e n sit y  r a n g e  ( 1 – 
1 4 7) w hil e f e w er d at a p oi nt s m e a s ur e d t h e ot h er c o m p o u n d 
cl a s s e s (t ot al N , n = 5; pr ot ei n a n d a mi n o a ci d s, n = 1 0; c ar -
b o h y dr at e s, n = 6;  or g a ni c  a ci d s, n = 9;  li pi d s  a n d  r el at e d 
c o m p o u n d s, n = 9)  o v er  a  dr o u g ht  i nt e n sit y  r a n g e  ( 1 – 1 4 4) 
t h at w a s s k e w e d t o w ar d s l o w er v al u e s ( 1 – 4 5, e x c e pt 2 or g a n-
i c a ci d d at a p oi nt s at a n i nt e n sit y of 1 4 4). 

Dr o u g ht eff e cts o n r o ot-r el e as e d t ot al C  

T ot al C si g ni fi c a ntl y i n cr e a s e d u n d er dr o u g ht str e s s wit h a 
m e a n R R of 0. 4 1 ( 9 5 % CI 0. 2 3, 0. 5 9; b o ot str a p p e d CI 0. 1 9, 
0. 6 9) (Fi g.  2 ).  T h e  b a c k-tr a n sf or m e d  R R  of  1. 5 1  i n di c at e s 
t h at  dr o u g ht  tr e at m e nt  i n cr e a s e d  t ot al  C  r el e a s e d  b y  5 1  % 
o v er t h e c o ntr ol. W e f o u n d n o e vi d e n c e of p u bli c ati o n bi a s 
b a s e d  o n  t h e  E g g er’ s  r e gr e s si o n  t e st  ( P = 0. 8 9)  a n d  t h e 
r a n k  c orr el ati o n  t e st  ( τ = − 0. 0 9 8 5, P = 0. 3 8).  W e  d et e ct e d 
m o d er at e h et er o g e n eit y a cr o s s st u di e s ( Q = 6 2. 3 7, d.f. = 3 8, 
P = 0. 0 0 7 6, I2 = 3 9. 0 7 %, 9 5 % CI 1 0. 2 6 %, 5 8. 6 3 %), j u stif yi n g 
u si n g a r a n d o m eff e ct s m o d el. τ 2 w a s 0. 1 6 8 1, w hi c h i s t h e e s -
ti m at e  of  p o ol e d  v ari a n c e  a cr o s s  all  st u di e s,  r e pr e s e nti n g 
h o w  m u c h  tr u e  eff e ct  si z e s  v ar y  b et w e e n  st u di e s 
( b et w e e n- st u d y v ari a n c e). T h e v ari a bl e s t h at e x pl ai n e d t h e 
m o st  v ari a n c e  a n d  r e s ult e d  i n  t h e  l ar g e st  r e d u cti o n  i n τ 2 

w er e  e c o s y st e m  ( P < 0. 0 0 1,  5 1. 9 9  %  r e d u cti o n),  fi o w eri n g 
t y p e  (P < 0. 0 0 1,  5 3. 3 0  %),  c ot yl e d o n  t y p e  ( P = 0. 0 0 0 1, 
4 2. 3 0 %)  a n d  f u n cti o n al  t y p e  ( P = 0. 0 0 0 1,  1 7. 1 9  %)
(S u p pl e m e nt ar y D at a T a bl e S 2 ).

C a r b o h y d r at e s  a n d  o r g a ni c  a ci d s  al s o  si g ni fi c a ntl y  i n -
c r e a s e d  u n d e r  d r o u g ht  st r e s s  ( R R = 1. 0 5,  9 5  %  CI  0. 0 4, 
2. 0 6 a n d  R R = 0. 8 4 7,  9 5  %  CI  0. 2 8 9,  1. 4 1,  r e s p e cti v el y; 
Fi g. 2 ). All ot h e r c o m p o u n d cl a s s e s (t ot al N, p r ot ei n, li p -
i d s)  s h o w e d  a  p o siti v e  m e a n  r e s p o n s e  t o  d r o u g ht,  al b eit 
n ot si g ni fi c a nt. T ot al C d at a p oi nt s i n cl u d e d all pl a nt f u n c -
ti o n al t y p e s ( b r o a dl e af t r e e, c o nif e r, f o r b, g r a s s, g r a s s /f o r b / 
l e g u m e  mi x,  l e g u m e,  s h r u b)  w hil e  t h e  ot h e r  c o m p o u n d
cl a s s e s  w e r e  o nl y  m e a s u r e d  o n  g r a s s,  f o r b,  l e g u m e  a n d 
b r o a dl e af t r e e t y p e s. W h e n e x a mi ni n g t h e eff e ct of ot h e r 
f u n cti o n al cl a s s e s, d e v el o p m e nt al st a g e, e x p e ri m e nt al s et-
u p a n d m et h o d o n d r o u g ht R R of t ot al C, w e o b s e r v e d t h at 
t h e R R of t ot al C w a s al s o si g ni fi c a ntl y p o siti v e i n t h e f ol-
l o wi n g c at e g o ri e s: f o r e st a n d g r a s sl a n d e c o s y st e m s; p e r e n-
ni al s;  a n gi o s p e r m s;  b r o a dl e af  t r e e  t y p e s;  j u v e nil e s  a n d 
a d ult s;  wil d  ( n o n- c ulti v at e d)  s p e ci e s;  c o nt r oll e d  e x p e ri -
m e nt al c o n diti o n s ( e. g. g r e e n h o u s e, g r o wt h c h a m b e r); r hi -
z o d e p o siti o n  a n d  r o ot  e x u d at e s;  a n d  t h e  e x u d ati o n  t r a p
a n d s oil – h y d r o p o ni c h y b ri d m et h o d s ( Fi g. 3 ). T ot al C R R 
diff e r e d  si g ni fi c a ntl y  b et w e e n  s u b g r o u p s  wit hi n  e c o s y s -
t e m,  fi o w e ri n g  t y p e,  c ot yl e d o n  t y p e,  f u n cti o n al  t y p e,
c ulti v ati o n  st at u s  a n d  s a m pli n g  m et h o d  ( S u p pl e m e nt a r y
D at a T a bl e S 2 ). 
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F I G. 1.  N u m b er of dr o u g ht str e s s st u di e s i n t h e a n al y si s i n t h e f oll o wi n g c at e g ori e s: e c o s y st e m (f or e st, gr a s sl a n d, a gri c ult ur al, s hr u bl a n d); lif e hi st or y ( p e-
r e n ni al, a n n u al); fi o w eri n g t y p e ( g y m n o s p er m, a n gi o s p er m); c ot yl e d o n t y p e ( m o n o c ot, di c ot); f u n cti o n al t y p e ( gr a s s, f or b, l e g u m e, gr a s s/f or b/l e g u m e mi x, 
br o a dl e af tr e e, c o nif er, s hr u b); d e v el o p m e nt al st a g e ( s e e dli n g, j u v e nil e, a d ult); c ulti v ati o n st at u s ( wil d, c ulti v at e d); e x p eri m e nt al t y p e ( c o ntr oll e d: gr e e n-
h o u s e/ gr o wt h c h a m b er, fi el d); r o ot C t y p e (r o ot e x u d at e, r hi z o d e p o siti o n); a n d m et h o d ( e x u d ati o n tr a p, s oil – h y dr o p o ni c h y bri d, i s ot o p e- b a s e d, l e a c h at e 

c oll e cti o n, s oil s u s p e n si o n). 

Dr o u g ht i nt e nsit y r e d u c e d τ² b y 4 0. 3 3 %, i n di c ati n g its i m p or-
t a n c e  i n  e x pl ai ni n g  t h e  v ari a n c e  of  t ot al  C  R R  (P < 0. 0 0 1; 
S u p pl e m e nt ar y D at a T a bl e S 2 ). H o w e v er, t ot al C R R di d n ot si g-
ni fl c a ntl y  c h a n g e  wit h  i n cr e asi n g  dr o u g ht  i nt e nsit y  aft er  a c -
c o u nti n g  f or  st u d y  ( P = 0. 1 7 4, Fi g.  4 ),  al b eit  s p a n ni n g  a 
dr o u g ht  i nt e nsit y  r a n g e  ( 1 – 1 4 7),  all  s e v e n  f u n cti o n al  t y p es
a n d all st u di es.  

DI S C U S SI O N  

Dr o u g ht i n cr e as es t ot al C r el e as e d fr o m r o ots  

O ur a n al ysis q u a nti fl e d h o w r o ot e x u d ati o n a n d r hi z o d e p osi -
ti o n r es p o n d e d t o dr o u g ht str ess a n d dr o u g ht i nt e nsit y b y s ur-
v e yi n g  a n d  a n al ysi n g  t h e  gr o wi n g  b o d y  of  lit er at ur e.  I n 
g e n er al,  r o ot  e x u d ati o n  a n d  r hi z o d e p ositi o n  of  t ot al  C  p er 
gr a m  of  r o ot  bi o m ass  i n cr e as e d  i n  r es p o ns e  t o  dr o u g ht.
Al b eit  v ar yi n g  i n  si g ni fi c a n c e,  it  w as  r e m ar k a bl e  t o  o bs er v e 
t h at  t h e  v ast  m aj orit y  of  m e a n  t ot al  C  R R  f or  diff er e nt  c o m-
p o u n d cl ass es a n d c at e g ori es ( e c os yst e m, lif e hist or y, fl o w er -
i n g  t y p e,  c ot yl e d o n  t y p e,  f u n cti o n al  t y p e,  d e v el o p m e nt al
st a g e,  m et h o ds,  et c.)  w as  p ositi v e.  T his  r es ult  is  c o nsist e nt 
wit h Pr e e c e a n d P e ñ u el as ( 2 0 1 6) , w h o als o f o u n d t h at r hi z o d e-
p ositi o n  i n cr e as e d  u n d er  m o d er at e  dr o u g ht  c o n diti o ns.  O n e 
st u d y,  f or  e x a m pl e,  o bs er v e d  t h at  aft er  5  y e ars  of  s e v er e 

dr o u g ht  d uri n g  t h e  gr o wi n g  s e as o n,  m at ur e Pi c e a  a bi es a n d 
F a g us s yl v ati c a tr e es m ai nt ai n e d l e v els of r o ot e x u d ati o n si m-
il ar t o t h os e of c o ntr ol tr e es b y i n cr e asi n g t h e pr o p orti o n of C 
all o c at e d  t o  r o ot  e x u d ati o n  ( Br u n n et  al. ,  2 0 2 2).  D es pit e 
dr o u g ht-i n d u c e d  r e d u cti o ns  i n  a b o v e- gr o u n d  C  assi mil ati o n 
a n d gr o wt h, pl a nts m a y all o c at e C t o b el o w- gr o u n d pr o c ess es 
(K arst et al. , 2 0 1 7; Li es e et al. , 2 0 1 8; Pr e e c e et al. , 2 0 1 8; Br u n n 
et al. , 2 0 2 2; Ulri c h et al. , 2 0 2 2). T h e m e c h a nis m of C all o c ati o n 
t o  r o ot  e x u d at es  r e m ai ns  u n cl e ar,  h a vi n g  b e e n  h y p ot h esi z e d 
b ot h  as  a  pr o c ess  t h at  r e fi e cts  t h e  pl a nt’s  ‘ n e e ds’,  c o ntr oll e d 
b y f a ct ors dr a wi n g C i nt o t h e r hi z os p h er e, s u c h as r o ot c ol o ni -
z ati o n b y f u n gi, as w ell as a pr o c ess t h at r e fi e cts t h e r es o ur c es 
t h e pl a nt h as ‘i n s ur pl us’, w h er e t h e m or e C t h at is all o c at e d t o 
r o ots, t h e m or e C t h at o u g ht t o b e e x u d e d ( K arst et al. , 2 0 1 7; 
Pr es c ott et al. , 2 0 2 0). Ot h ers h a v e pr o p os e d t h at r o ot e x u d ati o n 
m a y  b e  m or e  of  a n  a cti v e  pr o c ess  ( C a n ari ni et  al. ,  2 0 1 9).
R e g ar dl ess  of  t h e  e x a ct  m e c h a nis m,  pl a nts  m a y  r es p o n d  t o 
dr o u g ht  b y r e d u ci n g  m et a b olis m i n s h o ots  a n d  c o n c urr e ntl y 
u pr e g ul ati n g r o ot  m et a b oli c a cti vit y, a n d p ot e nti all y i n cr e as -
i n g c ar b o h y dr at e a c c u m ul ati o n i n r o ots, t o b uff er t h e n e g ati v e 
i m p a cts  of  r e d u c e d  s oil  w at er  a v ail a bilit y  (G ar g all o- G arri g a
et al. , 2 0 1 4). Pl a nts c o m m o nl y i n cr e as e bi o m ass all o c ati o n t o 
r o ots  i n  r es p o ns e  t o  dr o u g ht  t o  f or a g e  f or  w at er  ( e. g. M ei er 
a n d  L e us c h n er,  2 0 0 8 ; R a mír e z- V ali e nt e et  al. ,  2 0 1 9; 
G u as c o ni et  al. ,  2 0 2 3).  T h e  a d diti o n  of  r o ot  e x u d at es  t o  s oil 
c a n  i n cr e as e  s oil  m oist ur e- h ol di n g  c a p a cit y  a n d  c h a n g e  t h e 
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�a �n �d� à� �e�l �d� �s�t �u �d�i �e�s�,� �a �n �d� �r �e �v �e �a�l �e �d� �t �h �a�t� �t �o�t �a�l� �C� �r �e�l �e �a�s �e �d� �a�s� �r �o �o�t� 

�e �x �u �d �a�t �e�s� � �a �n �d� �r �h�i �z �o �d �e �p �o�s�i�t�i �o �n� � �s�i �g �n�i à� �c �a �n�t�l �y� �i �n �c�r �e �a�s �e �d� � �i �n� �r �e�-
�s �p �o �n�s �e� � �t �o� � �d�r �o �u �g �h�t�.� � �T �h�i �s� � �s �u �g �g �e�s�t �s� � �t �h �a�t� � �d�r �o �u �g �h�t�-�i �n �d �u �c �e �d� � �i �n�-
�c�r �e �a�s �e�s� �i �n� �r �o �o�t� �C� �c �a �n� �i �n à	 �u �e �n �c �e� �t �h �e� �r �h�i �z �o�s �p �h �e�r �e� �e �v �e �n� �w �h�i�l �e� 
�C� �a �v �a�i�l �a �b�i�l�i�t �y� �i �n� �t �h �e� �p�l �a �n�t� �m �a �y� �d �e �c�l�i �n �e�.� �W �e� �a�l �s �o� �f �o �u �n �d� �t �h �a�t� 
�d�r �o �u �g �h�t� �d�i�f�f �e�r �e �n�t�i �a�l�l �y� �a�f�f �e �c�t �s� �s �p �e �c�i à
 �c� �c �o �m �p �o �u �n �d� �c�l �a�s�s �e�s� �r �e�-
�l �e �a�s �e �d� �i �n� �r �o �o�t� �C�.� �S �p �e �c�i à� �c �a�l�l �y�,� �c �a�r �b �o �h �y �d�r �a�t �e�s� �a �n �d� �o�r �g �a �n�i �c� �a �c�-
�i �d�s� � �s�i �g �n�i à� �c �a �n�t�l �y� � �i �n �c�r �e �a�s �e �d� � �i �n� � �r �e�s �p �o �n�s �e� � �t �o� � �d�r �o �u �g �h�t�,
�s �u �g �g �e�s�t�i �n �g� �t �h �e�s �e� �c �o �m �p �o �u �n �d� �c�l �a�s�s �e�s� �m �a �y� �a�f�f �e �c�t� �p�l �a �n�t� �d�r �o �u �g �h�t� 
�r �e�s�i �s�t �a �n �c �e�.� �H �o �w �e �v �e�r�,� �f �u�l�l �y� �u �n �d �e�r �s�t �a �n �d�i �n �g� �r �o �o�t�- �d �e�r�i �v �e �d� �C� �r �e�-
�s �p �o �n�s �e�s� �u �n �d �e�r� �d�r �o �u �g �h�t� �i �s� �n �o�t� �p �o�s�s�i �b�l �e� �w�i�t �h �o �u�t� �f �u�r�t �h �e�r� �s�t �u �d �y�.� 
�T �h�i �s� �r �e �v�i �e �w� �i �d �e �n�t�i à
 �e �d� �k �n �o �w�l �e �d �g �e� �g �a �p�s� �a �n �d� �f �u�t �u�r �e� �r �e�s �e �a�r �c �h� 
�d�i�r �e �c�t�i �o �n�s� �t �o� �p�r �o �v�i �d �e� �i �n�s�i �g �h�t� �i �n�t �o� �r �o �o�t� �e �x �u �d �a�t�i �o �n� �a �n �d� �r �h�i �z �o�-
�d �e �p �o�s�i�t�i �o �n� �d �y �n �a �m�i �c�s�.� �N �a �m �e�l �y�,� �w �e� �n �e �e �d� �r �e�s �e �a�r �c �h� �o �n� �a� �g�r �e �a�t �e�r� 
�d�i �v �e�r �s�i�t �y� � �o�f� � �f �u �n �c�t�i �o �n �a�l� � �t �y �p �e�s� � �a �c�r �o�s�s� � �a� � �b�r �o �a �d �e�r� � �r �a �n �g �e� � �o�f� 
�d�r �o �u �g �h�t� �i �n�t �e �n�s�i�t�i �e�s� �t �o� �i �d �e �n�t�i�f �y� �h �o �w� �d�r �o �u �g �h�t� �w�i�l�l� �a�f�f �e �c�t� �r �o �o�t� 
�C� � �r �e�s �p �o �n�s �e�s�,� � �p�l �a �n�t  � �m�i �c�r �o �b �e� � �i �n�t �e�r �a �c�t�i �o �n�s�,� � �p�l �a �n�t� � �p �e�r�f �o�r�-
�m �a �n �c �e�,� �e �c �o�s �y�s�t �e �m� �f �u �n �c�t�i �o �n�i �n �g� �a �n �d� �t �e�r�r �e�s�t�r�i �a�l� �C� �d �y �n �a �m�i �c�s�.� 

�S �U �P �P �L �E �M �E �N �T �A �R �Y� �D �A �T �A� 

�S �u �p �p�l �e �m �e �n�t �a�r �y� �d �a�t �a� �a�r �e� �a �v �a�i�l �a �b�l �e� �a�t� �A �n �n �a�l�s� �o�f� �B �o�t �a �n �y� �o �n�l�i �n �e� 
�a �n �d� �c �o �n�s�i �s�t� �o�f� �t �h �e� �f �o�l�l �o �w�i �n �g�.� �T �a �b�l �e� �S �1�:� �2 �9� �p �u �b�l�i �c �a�t�i �o �n�s� �e �x �a �m�-
�i �n�i �n �g� �t �h �e� �e�f�f �e �c�t� �o�f� �d�r �o �u �g �h�t� �s�t�r �e�s�s� �o �n� �r �o �o�t� �e �x �u �d �a�t �e�s� �a �n �d� �r �h�i �z �o�-
�d �e �p �o�s�i�t�i �o �n�.� �P �u �b�l�i �c �a�t�i �o �n�s� �s �h �a �d �e �d� �i �n� �g�r �e �y� �m �e �a�s �u�r �e �d� �t �o�t �a�l� �C� �i �n� 
�r �o �o�t� �e �x �u �d �a�t �e�s� �a �n �d� �r �h�i �z �o �d �e �p �o�s�i�t�i �o �n�.� �T �a �b�l �e� �S �2�:� �p �e�r�f �o�r �m �a �n �c �e� �o�f� 
�v �a�r�i �a �b�l �e�s� �i �n� �e �x �p�l �a�i �n�i �n �g� �h �e�t �e�r �o �g �e �n �e�i�t �y� �o�f� �t �h �e� �4 �0� �t �o�t �a�l� �C� �d �a�t �a� 
�p �o�i �n�t �s�.� �L�i�t �e�r �a�t �u�r �e� �C�i�t �e �d� �i �n� �t �h �e� �S �u �p �p�l �e �m �e �n�t �a�r �y� �D �a�t �a�.� 

�F �U �N �D�I �N �G� 

�W �e� �a�r �e� �g�r �a�t �e�f �u�l� �f �o�r� �s �u �p �p �o�r�t� �f �r �o �m� �U �n�i�t �e �d� �S�t �a�t �e�s� �D �e �p �a�r�t �m �e �n�t� 
�o�f� � �A �g�r�i �c �u�l�t �u�r �e� � �N �a�t�i �o �n �a�l� � �I �n�s�t�i�t �u�t �e� � �o�f� � �F �o �o �d� � �a �n �d� � �A �g�r�i �c �u�l�t �u�r �e� 
�( �a �w �a�r �d� �n �u �m �b �e�r� �2 �0 �2 �1�- �6 �7 �0 �1 �4�- �3 �4 �9 �0 �2�)�.� 

�D �A �T �A� �A �V �A�I �L �A �B�I �L�I �T �Y� 

�D �a�t �a� �w�i�l�l� �b �e� �m �a �d �e� �a �v �a�i�l �a �b�l �e� �u �p �o �n� �r �e �q �u �e�s�t� �t �o� �t �h �e� �c �o�r�r �e�s �p �o �n �d�-
�i �n �g� �a �u�t �h �o�r�.� 

�C �O �N �F �L�I �C �T� �O �F� �I �N �T �E �R �E �S �T� 

�T �h �e� �a �u�t �h �o�r �s� �d �e �c�l �a�r �e� �n �o� �c �o �n à��i �c�t� �o�f� �i �n�t �e�r �e�s�t�.� 

�A �U �T �H �O �R� �C �O �N �T �R�I �B �U �T�I �O �N �S� 

�D�. �E�. �M�. �U�.� �c �o �n �c �e�i �v �e �d� �t �h �e� �s�t �u �d �y�.� �D�. �E�. �M�. �U�.� �a �n �d� �K�. �F�.� �w�r �o�t �e� �t �h �e� 
�m �a �n �u�s �c�r�i �p�t� �a �n �d� �r �e �v�i �e �w �e �d�,� �a �n �a�l �y�s �e �d� �a �n �d� �i �n�t �e�r �p�r �e�t �e �d� �t �h �e� �d �a�t �a�.� 
�K�. �F�.� �c �o�l�l �e �c�t �e �d� �t �h �e� �d �a�t �a�.� �H�. �M�. �G�.�,� �R�. �C�. �M�.� �a �n �d� �B�. �M�. �P�.� �r �e �v�i �s �e �d� 
�t �h �e� �m �a �n �u�s �c�r�i �p�t� �a �n �d� � �a�s�s�i �s�t �e �d� � �i �n� � �d �a�t �a� �i �n�t �e�r �p�r �e�t �a�t�i �o �n�.� �A�l�l� � �a �u�-
�t �h �o�r �s� �a �p �p�r �o �v �e �d� �o�f� �t �h �e� à� �n �a�l� �m �a �n �u�s �c�r�i �p�t� �v �e�r �s�i �o �n�.� 

�A�I� �A �S �S�I �S �T �A �N �C �E� 

�T �h �e� �a �u�t �h �o�r �s� �d �e �c�l �a�r �e� �n �o� �u�s �e� �o�f� �A�I� �a�s�s�i �s�t �a �n �c �e�.� 
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1 1 6 6 Ulri c h et al. — Dr o u g ht str e s s i n cr e a s e s t ot al C r el e a s e d fr o m r o ot s  

R E F E R E N C E S  

A m u n d s o n R , B e r h e A A , H o p m a n s J W , Ol s o n C , S zt ei n A E , S p a r k s
D L .  2 0 1 5.  S oil  a n d  h u m a n  s e c urit y  i n  t h e  2 1 st  c e nt ur y. S ci e n c e 3 4 8 : 
1 2 6 1 0 7 1. d oi: 1 0. 1 1 2 6/ s ci e n c e. 1 2 6 1 0 7 1

B a d ri D V , Vi v a n c o J M. 2 0 0 9 . R e g ul ati o n a n d f u n cti o n of r o ot e x u d at e s. 
Pl a nt, C ell & E n vir o n m e nt 3 2 : 6 6 6 – 6 8 1. d oi:1 0. 1 1 1 1/j. 1 3 6 5- 3 0 4 0. 2 0 0 9.
0 1 9 2 6. x  

B a et z U , M a rti n oi a E. 2 0 1 4 . R o ot e x u d at e s: t h e hi d d e n p art of pl a nt d e-
f e n s e. Tr e n ds  i n  Pl a nt  S ci e n c e 1 9 :  9 0 – 9 8.  d oi:1 0. 1 0 1 6/j.t pl a nt s. 2 0 1 3.
1 1. 0 0 6  

B ai s H P , W ei r T L , P e r r y L G , Gil r o y S , Vi v a n c o J M. 2 0 0 6 . T h e r ol e of 
r o ot e x u d at e s i n r hi z o s p h er e i nt er a cti o n s wit h pl a nt s a n d ot h er or g a n -
i s m s. A n n u al  R e vi e w  of  Pl a nt  Bi ol o g y 5 7 :  2 3 3 – 2 6 6.  d oi:1 0. 1 1 4 6/ 
a n n ur e v. ar pl a nt. 5 7. 0 3 2 9 0 5. 1 0 5 1 5 9

B e g g C B , M a z u m d a r M. 1 9 9 4 . O p er ati n g c h ar a ct eri sti c s of a r a n k c orr e-
l ati o n  t e st  f or  p u bli c ati o n  bi a s. Bi o m etri cs 5 0 :  1 0 8 8 – 1 1 0 1.  d oi:1 0. 
2 3 0 7/ 2 5 3 3 4 4 6

B e r g m a n n J , W ei g elt A , v a n D e r Pl a s F , et al. 2 0 2 0 . T h e f u n g al c oll a b-
or ati o n gr a di e nt d o mi n at e s t h e r o ot e c o n o mi c s s p a c e i n pl a nt s. S ci e n c e 
A d v a n c es 6 : e a b a 3 7 5 6. d oi:1 0. 1 1 2 6/ s ci a d v. a b a 3 7 5 6

B o h m  V , F o r e y  E , C h a u v at  M , C a r di n a el  P , P e ul o n- A g a s s e  V. 2 0 2 5 . 
E v al u ati o n of tr a p di s c s f or r o ot e x u d at e e c o-fri e n dl y s a m pli n g u si n g 
r hi z o b o x e s: a p pli c ati o n t o u nt ar g et e d s cr e e ni n g of or g a ni c c o m p o u n d s 
b y g a s c hr o m at o gr a p h y  h y p h e n at e d wit h hi g h  r e s ol uti o n m a s s  s p e c -
tr o m etr y. J o ur n al  of  C hr o m at o gr a p h y  O p e n 7 :  1 0 0 2 0 5.  d oi:1 0. 1 0 1 6/j.
j c o a. 2 0 2 5. 1 0 0 2 0 5

B r u n n M , H af n e r B D , Z w et sl o ot M J , et al. 2 0 2 2 . C ar b o n all o c ati o n t o 
r o ot  e x u d at e s  i s  m ai nt ai n e d  i n  m at ur e  t e m p er at e  tr e e  s p e ci e s  u n d er 
dr o u g ht. N e w P h yt ol o gist 2 3 5 : 9 6 5 – 9 7 7. d oi:1 0. 1 1 1 1/ n p h. 1 8 1 5 7

B r u n n M , M u ell e r C W , C h a ri N R , et al. 2 0 2 5 . Tr e e c ar b o n all o c ati o n t o 
r o ot e x u d at e s: i m pli c ati o n s f or c ar b o n b u d g et s, s oil s e q u e str ati o n a n d 
dr o u g ht  r e s p o n s e. Tr e e  P h ysi ol o g y 4 5 :  t p af 0 2 6.  d oi:1 0. 1 0 9 3/tr e e p h y s/ 
t p af 0 2 6

B u s b y P E , S o m a n C , W a g n e r M R , et al. 2 0 1 7 . R e s e ar c h pri oriti e s f or h ar-
n e s si n g pl a nt mi cr o bi o m e s i n s u st ai n a bl e a gri c ult ur e. P L O S Bi ol o g y 1 5 : 
e 2 0 0 1 7 9 3. d oi: 1 0. 1 3 7 1/j o ur n al. p bi o. 2 0 0 1 7 9 3

C al v o O C , F r a n z a ri n g J , S c h mi d I , F a n g m ei e r A. 2 0 1 9 . R o ot e x u d ati o n 
of c ar b o h y dr at e s a n d c ati o n s fr o m b arl e y i n r e s p o n s e t o dr o u g ht a n d 
el e v at e d  C O 2 . Pl a nt  a n d  S oil 4 3 8 :  1 2 7 – 1 4 2.  d oi:1 0. 1 0 0 7/ s 1 1 1 0 4- 0 1 9-
0 3 9 9 8- y

C al v o O C , F r a n z a ri n g J , S c h mi d I , M üll e r M , B r o h o n N , F a n g m ei e r 
A . 2 0 1 7 .  At m o s p h eri c  C O2 e nri c h m e nt  a n d  dr o u g ht  str e s s  m o dif y 
r o ot  e x u d ati o n  of  b arl e y. Gl o b al  C h a n g e  Bi ol o g y 2 3 :  1 2 9 2 – 1 3 0 4.  d oi: 
1 0. 1 1 1 1/ g c b. 1 3 5 0 3

C a n a ri ni A , K ai s e r C , M e r c h a nt A , Ri c ht e r A , W a n e k W. 2 0 1 9 . R o ot 
e x u d ati o n of pri m ar y m et a b olit e s: m e c h a ni s m s a n d t h eir r ol e s i n pl a nt 
r e s p o n s e s t o e n vir o n m e nt al sti m uli. Fr o nti ers i n Pl a nt S ci e n c e 1 0 : 1 5 7. 
d oi: 1 0. 3 3 8 9/f pl s. 2 0 1 9. 0 0 1 5 7

C a n a ri ni  A , M e r c h a nt  A , Dij k st r a  F A .  2 0 1 6.  Dr o u g ht  eff e ct s  o n 
H eli a nt h us  a n n u us a n d Gl y ci n e  m a x m et a b olit e s:  fr o m  p hl o e m  t o 
r o ot e x u d at e s. R hi z os p h er e 2 : 8 5 – 9 7. d oi:1 0. 1 0 1 6/j.r hi s p h. 2 0 1 6. 0 6. 0 0 3

C a r mi n ati  A , Z a r e b a n a d k o u ki M , K r o e n e r E , A h m e d M A , H ol z  M. 
2 0 1 6 .  Bi o p h y si c al  r hi z o s p h er e  pr o c e s s e s  aff e cti n g  r o ot  w at er  u pt a k e.
A n n als of B ot a n y 1 1 8 : 5 6 1 – 5 7 1. d oi:1 0. 1 0 9 3/ a o b/ m c w 1 1 3

C h ai Y N , S c h a c ht m a n D P. 2 0 2 2 . R o ot e x u d at e s i m p a ct pl a nt p erf or m a n c e 
u n d er a bi oti c str e s s. Tr e n ds i n  Pl a nt S ci e n c e 2 7 : 8 0 – 9 1. d oi:1 0. 1 0 1 6/j.
t pl a nt s. 2 0 2 1. 0 8. 0 0 3

C h a ri N R , T a yl o r B N. 2 0 2 2 . S oil or g a ni c m att er f or m ati o n a n d l o s s ar e m e-
di at e d  b y  r o ot  e x u d at e s  i n  a  t e m p er at e  f or e st. N at ur e  G e os ci e n c e 1 5 : 
1 0 1 1 – 1 0 1 6. d oi: 1 0. 1 0 3 8/ s 4 1 5 6 1- 0 2 2- 0 1 0 7 9- x

C h a ri N R , T u m b e r- D á vil a S J , P hilli p s R P , et  al. 2 0 2 4 . E sti m ati n g t h e 
gl o b al  r o ot  e x u d at e  c ar b o n  fi u x. Bi o g e o c h e mistr y 1 6 7 :  8 9 5 – 9 0 8.  d oi: 
1 0. 1 0 0 7/ s 1 0 5 3 3- 0 2 4- 0 1 1 6 1- z

C h o u d h a r y  A , S e nt hil- K u m a r  M. 2 0 2 4 .  Dr o u g ht:  a  c o nt e xt- d e p e n d e nt 
d a m p er  a n d  a g gr a v at or  of  pl a nt  di s e a s e s. Pl a nt,  C ell  &  E n vir o n m e nt 
4 7 : 2 1 0 9 – 2 1 2 6. d oi:1 0. 1 1 1 1/ p c e. 1 4 8 6 3

C r o wt h e r  T W , v a n  d e n  H o o g e n  J , W a n  J , et  al. 2 0 1 9 .  T h e  gl o b al s oil 
c o m m u nit y  a n d  it s  i n fi u e n c e  o n  bi o g e o c h e mi str y. S ci e n c e 3 6 5 : 
e a a v 0 5 5 0. d oi: 1 0. 1 1 2 6/ s ci e n c e. a a v 0 5 5 0

D el o r y  B M , C all a w a y  R M , S e m c h e n k o  M. 2 0 2 4 .  A  tr ait- b a s e d  fr a m e-
w or k  li n ki n g  t h e  s oil  m et a b ol o m e  t o  pl a nt – s oil  f e e d b a c k s. N e w 
P h yt ol o gist 2 4 1 : 1 9 1 0 – 1 9 2 1. d oi:1 0. 1 1 1 1/ n p h. 1 9 4 9 0  

D e r ri e n D , M a r ol C , B al e s d e nt J. 2 0 0 4 . T h e d y n a mi c s of n e utr al s u g ar s i n 
t h e r hi z o s p h er e of w h e at. A n a p pr o a c h b y 1 3 C p ul s e-l a b elli n g a n d G C/ 
C/I R M S. Pl a nt a n d S oil 2 6 7 : 2 4 3 – 2 5 3. d oi:1 0. 1 0 0 7/ s 1 1 1 0 4- 0 0 5- 5 3 4 8- 8

d e V ri e s F T , G rif flt h s R I , K ni g ht C G , Ni c olit c h O , Willi a m s A. 2 0 2 0 . 
H ar n e s si n g  r hi z o s p h er e  mi cr o bi o m e s  f or  dr o u g ht-r e sili e nt  cr o p  pr o -
d u cti o n. S ci e n c e 3 6 8 : 2 7 0 – 2 7 4. d oi:1 0. 1 1 2 6/ s ci e n c e. a a z 5 1 9 2

Di et z e  M C , S al a  A , C a r b o n e  M S , et  al. 2 0 1 4 .  N o n str u ct ur al  c ar b o n  i n 
w o o d y  pl a nt s. A n n u al  R e vi e w  of  Pl a nt  Bi ol o g y 6 5 :  6 6 7 – 6 8 7.  d oi:1 0. 
1 1 4 6/ a n n ur e v- ar pl a nt- 0 5 0 2 1 3- 0 4 0 0 5 4

Dij k st r a F A , Z h u B , C h e n g W. 2 0 2 1 . R o ot eff e ct s o n s oil or g a ni c c ar b o n: a 
d o u bl e- e d g e d  s w or d. N e w  P h yt ol o gist 2 3 0 :  6 0 – 6 5.  d oi:1 0. 1 1 1 1/ n p h.
1 7 0 8 2  

D öll S , K oll e r H , v a n D a m N M. 2 0 2 4 . A si m pl e, c o st- eff e cti v e a n d o pti-
mi z e d  pr ot o c ol  f or  c oll e cti n g  r o ot  e x u d at e s  fr o m  s oil  gr o w n  pl a nt s. 
R hi z os p h er e 3 0 : 1 0 0 8 9 9. d oi:1 0. 1 0 1 6/j.r hi s p h. 2 0 2 4. 1 0 0 8 9 9

E g g e r M , D a v e y S mit h G , S c h n ei d e r M , Mi n d e r C. 1 9 9 7 . Bi a s i n m et a- 
a n al y si s  d et e ct e d  b y  a  si m pl e,  gr a p hi c al  t e st. Britis h  M e di c al  J o ur n al 
3 1 5 : 6 2 9 – 6 3 4. d oi:1 0. 1 1 3 6/ b mj. 3 1 5. 7 1 0 9. 6 2 9

F a r r a r J , H a w e s M , J o n e s D , Li n d o w S. 2 0 0 3 . H o w r o ot s c o ntr ol t h e fl u x 
of  c ar b o n t o  t h e  r hi z o s p h er e. E c ol o g y 8 4 :  8 2 7 – 8 3 7.  d oi:1 0. 1 8 9 0/ 0 0 1 2-
9 6 5 8( 2 0 0 3) 0 8 4[ 0 8 2 7: H R C T F O] 2. 0. C O; 2

F a r r a r J , J o n e s D. 2 0 0 0 . T h e c o ntr ol of c ar b o n a c q ui siti o n b y r o ot s. N e w 
P h yt ol o gist 1 4 7 : 4 3 – 5 3. d oi:1 0. 1 0 4 6/j. 1 4 6 9- 8 1 3 7. 2 0 0 0. 0 0 6 8 8. x

G a o Y , W a n g H , Y a n g F , et al. 2 0 2 4 . R el ati o n s hi p s b et w e e n r o ot e x u d ati o n 
a n d r o ot m or p h ol o gi c al a n d ar c hit e ct ur al tr ait s v ar y wit h gr o wi n g s e a -
s o n. Tr e e P h ysi ol o g y 4 4 : t p a d 1 1 8. d oi:1 0. 1 0 9 3/tr e e p h y s/t p a d 1 1 8

G a r ci a  A r r e d o n d o  M , K e w  W , C h u  R , et  al. 2 0 2 4 .  Diff er e nti al  e x u d ati o n 
cr e at es bi o g e o c h e mi c all y disti n ct mi cr o e n vir o n m e nts d uri n g r hi z os p h er e 
e v ol uti o n. E n vir o n m e nt al Sci e nc e & T ec h n ol o g y 5 8 : 1 8 7 1 3 – 1 8 7 2 2. d oi:1 0. 
1 0 2 1/ a cs. est. 4 c 0 4 1 0 8

G a r g all o- G a r ri g a  A , P r e e c e  C , S a r d a n s  J , O r a v e c  M , U r b a n  O , 
P e ñ u el a s J. 2 0 1 8 . R o ot e x u d at e m et a b ol o m e s c h a n g e u n d er dr o u g ht 
a n d  s h o w  li mit e d  c a p a cit y  f or  r e c o v er y. S ci e nti fi c  R e p orts 8 :  1 2 6 9 6. 
d oi: 1 0. 1 0 3 8/ s 4 1 5 9 8- 0 1 8- 3 0 1 5 0- 0

G a r g all o- G a r ri g a A , S a r d a n s J , P é r e z- T r ujill o M , et al. 2 0 1 4 . O p p o sit e
m et a b oli c r e s p o n s e s of s h o ot s a n d r o ot s t o dr o u g ht. S ci e nti fl c R e p orts 4 : 
6 8 2 9. d oi: 1 0. 1 0 3 8/ sr e p 0 6 8 2 9

G o e m a n n H M , Ul ri c h D E M , P e yt o n B M , G all e g o s- G r a v e s L V , M u ell e r 
R C .  2 0 2 4.  S e v er e  a n d  mil d  dr o u g ht  c a us e  disti n ct  p h yl o g e n eti c all y
li n k e d  s hifts  i n  t h e  bl u e  gr a m a  (B o ut el o u a  gr a cilis )  r hi z o bi o m e. 
Fr o nti ers i n Mi cr o bi o m es 2 : 1 – 1 5. d oi:1 0. 3 3 8 9/fr m bi. 2 0 2 3. 1 3 1 0 7 9 0

G o n g H , Z h u X , C h e n K , W a n g S , Z h a n g C. 2 0 0 5 . Sili c o n all e vi at e s o xi-
d ati v e  d a m a g e  of  w h e at  pl a nt s  i n  p ot s  u n d er  dr o u g ht. Pl a nt  S ci e n c e 
1 6 9 : 3 1 3 – 3 2 1. d oi:1 0. 1 0 1 6/j. pl a nt s ci. 2 0 0 5. 0 2. 0 2 3

G o o d  A G , Z a pl a c hi n s ki  S T. 1 9 9 4 .  T h e  eff e ct s  of  dr o u g ht  str e s s  o n  fr e e 
a mi n o  a ci d  a c c u m ul ati o n  a n d  pr ot ei n  s y nt h e si s  i n Br assi c a  n a p us . 
P h ysi ol o gi a  Pl a nt ar u m 9 0 :  9 – 1 4.  d oi:1 0. 1 1 1 1/j. 1 3 9 9- 3 0 5 4. 1 9 9 4.
t b 0 2 1 8 5. x 

G u a s c o ni D , M a n z o ni S , H u g eli u s G. 2 0 2 3 . Cli m at e- d e p e n d e nt r e s p o n s-
e s of r o ot a n d s h o ot bi o m a s s t o dr o u g ht d ur ati o n a n d i nt e n sit y i n gr a s s -
l a n d s – a m et a- a n al y si s. S ci e n c e of t h e T ot al E n vir o n m e nt 9 0 3 : 1 6 6 2 0 9. 
d oi: 1 0. 1 0 1 6/j. s cit ot e n v. 2 0 2 3. 1 6 6 2 0 9

G u r e vit c h J , K o ri c h e v a J , N a k a g a w a S , St e w a rt G. 2 0 1 8 . M et a- a n al y si s
a n d  t h e  s ci e n c e  of  r e s e ar c h  s y nt h e si s. N at ur e 5 5 5 :  1 7 5 – 1 8 2.  d oi:1 0. 
1 0 3 8/ n at ur e 2 5 7 5 3

G u y o n n et J P , C a nt a r el A A M , Si m o n L , H ai c h a r F el Z. 2 0 1 8 . R o ot e x-
u d ati o n r at e a s f u n cti o n al tr ait i n v ol v e d i n pl a nt n utri e nt- u s e str at e g y 
cl a s si fi c ati o n. E c ol o g y  a n d  E v ol uti o n 8 :  8 5 7 3 – 8 5 8 1.  d oi:1 0. 1 0 0 2/ e c e 3.
4 3 8 3  

H ai c h a r F el Z , H e uli n T , G u y o n n et J P , A c h o u a k W. 2 0 1 6 . St a bl e i s o-
t o p e pr o bi n g of c ar b o n fi o w i n t h e pl a nt h ol o bi o nt. C urr e nt O pi ni o n i n 
Bi ot e c h n ol o g y 4 1 : 9 – 1 3. d oi:1 0. 1 0 1 6/j. c o p bi o. 2 0 1 6. 0 2. 0 2 3

H ai c h a r F el Z , S a nt a ell a C , H e uli n T , A c h o u a k W. 2 0 1 4 . R o ot e x u d at e s 
m e di at e d  i nt er a cti o n s  b el o w gr o u n d. S oil  Bi ol o g y  &  Bi o c h e mistr y 7 7 : 
6 9 – 8 0. d oi: 1 0. 1 0 1 6/j. s oil bi o. 2 0 1 4. 0 6. 0 1 7

H a rt m a n n H , T r u m b o r e S. 2 0 1 6 . U n d er st a n di n g t h e r ol e s of n o n str u ct ur-
al c ar b o h y dr at e s i n f or e st tr e e s – fr o m w h at w e c a n m e a s ur e t o w h at w e 
w a nt t o k n o w. N e w P h yt ol o gist 2 1 1 : 3 8 6 – 4 0 3. d oi:1 0. 1 1 1 1/ n p h. 1 3 9 5 5

H a s s a n M K , M c I n r o y J A , Kl o e p p e r J W. 2 0 1 9 . T h e i nt er a cti o n s of r hi z o-
d e p o sit s  wit h  pl a nt  gr o wt h- pr o m oti n g  r hi z o b a ct eri a  i n  t h e  r hi z o -
s p h er e: a r e vi e w. A gri c ult ur e 9 : 1 4 2. d oi:1 0. 3 3 9 0/ a gri c ult ur e 9 0 7 0 1 4 2

H e d g e s L V , G u r e vit c h J , C u rti s P S. 1 9 9 9 . T h e m et a- a n al y si s of r e s p o n s e 
r ati o s  i n  e x p eri m e nt al  e c ol o g y. E c ol o g y 8 0 :  1 1 5 0 – 1 1 5 6. d oi: 1 0. 1 8 9 0/
0 0 1 2- 9 6 5 8( 1 9 9 9) 0 8 0[ 1 1 5 0: T M A O R R] 2. 0. C O; 2  
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Ulri c h et al. — Dr o u g ht str e s s i n cr e a s e s t ot al C r el e a s e d fr o m r o ot s 1 1 6 7  

H e d g e s L V , Ti pt o n E , J o h n s o n M C. 2 0 1 0 . R o b u st v ari a n c e e sti m ati o n i n 
m et a-r e gr e s si o n  wit h  d e p e n d e nt  eff e ct  si z e  e sti m at e s. R es e ar c h 
S y nt h esis M et h o ds 1 : 3 9 – 6 5. d oi:1 0. 1 0 0 2/jr s m. 5

H u e s o S , H e r n á n d e z T , G a r cí a C. 2 0 1 1 . R e si st a n c e a n d r e sili e n c e of t h e 
s oil mi cr o bi al bi o m a s s t o s e v er e dr o u g ht i n s e mi ari d s oil s: t h e i m p or -
t a n c e of or g a ni c a m e n d m e nt s. A p pli e d S oil E c ol o g y 5 0 : 2 7 – 3 6. d oi:1 0. 
1 0 1 6/j. a p s oil. 2 0 1 1. 0 7. 0 1 4

J a c o b y R P , K o p ri v a S. 2 0 1 9 . M et a b oli c ni c h e s i n t h e r hi z o s p h er e mi cr o-
bi o m e:  n e w  t o ol s  a n d  a p pr o a c h e s  t o  a n al y s e  m et a b oli c  m e c h a ni s m s 
of  pl a nt – mi cr o b e  n utri e nt  e x c h a n g e. J o ur n al  of  E x p eri m e nt al  B ot a n y 
7 0 : 1 0 8 7 – 1 0 9 4. d oi:1 0. 1 0 9 3/j x b/ er y 4 3 8

J a k o b y G , R o g I , M e gi di s h S , Kl ei n T. 2 0 2 0 . E n h a n c e d r o ot e x u d ati o n of 
m at ur e  br o a dl e af a n d  c o nif er  tr e e s i n  a M e dit err a n e a n  f or e st  d uri n g 
t h e  dr y  s e a s o n. Tr e e  P h ysi ol o g y 4 0 :  1 5 9 5 – 1 6 0 5.  d oi:1 0. 1 0 9 3/tr e e p h y s/
t p a a 0 9 2

J h a Y , M a c w a n A A , G h a n ai m A M , M o h a m e d H I. 2 0 2 4 . M a n a g e m e nt of 
a bi oti c a n d bi oti c str e s s e s b y mi cr o bi o m e- b a s e d e n gi n e eri n g of t h e r hi -
z o s p h er e. Bi o c at al ysis a n d A gri c ult ur al Bi ot e c h n ol o g y 6 1 : 1 0 3 3 6 5. d oi: 
1 0. 1 0 1 6/j. b c a b. 2 0 2 4. 1 0 3 3 6 5

J o n e s D L , H o d g e A , K u z y a k o v Y. 2 0 0 4 . Pl a nt a n d m y c orr hi z al r e g ul ati o n 
of  r hi z o d e p o siti o n. N e w  P h yt ol o gist 1 6 3 :  4 5 9 – 4 8 0.  d oi:1 0. 1 1 1 1/j. 1 4 6 9-
8 1 3 7. 2 0 0 4. 0 1 1 3 0. x  

J o n e s D L , N g u y e n C , Fi nl a y R D. 2 0 0 9 . C ar b o n fi o w i n t h e r hi z o s p h er e: 
c ar b o n  tr a di n g  at  t h e  s oil-r o ot  i nt erf a c e. Pl a nt  a n d  S oil 3 2 1 :  5 – 3 3. 
d oi: 1 0. 1 0 0 7/ s 1 1 1 0 4- 0 0 9- 9 9 2 5- 0

K a r st J , G a st e r J , Wil e y E , L a n d h ä u s s e r S M. 2 0 1 7 . Str e s s diff er e nti all y 
c a u s e s  r o ot s  of  tr e e  s e e dli n g s  t o  e x u d e  c ar b o n. Tr e e  P h ysi ol o g y 3 7 : 
1 5 4 – 1 6 4. d oi: 1 0. 1 0 9 3/tr e e p h y s/t p w 0 9 0

K eil u w eit M , B o u g o u r e J J , Ni c o P S , P ett- Ri d g e J , W e b e r P K , Kl e b e r 
M . 2 0 1 5 . Mi n er al pr ot e cti o n of s oil c ar b o n c o u nt er a ct e d b y r o ot e x u-
d at e s. N at ur e Cli m at e C h a n g e 5 : 5 8 8 – 5 9 5. d oi:1 0. 1 0 3 8/ n cli m at e 2 5 8 0

K e n d all  M G. 1 9 3 8 .  A  n e w  m e a s ur e  of  r a n k  c orr el ati o n. Bi o m etri k a 3 0 : 
8 1 – 9 3. d oi: 1 0. 1 0 9 3/ bi o m et/ 3 0. 1- 2. 8 1

K r ut hi k a  S , A s h u  A , A n a n d  A , S a m mi  R e d d y  K , V a r a  P r a s a d  P , 
G u r u m u rt h y S. 2 0 2 4 . U n v eili n g t h e r ol e of r o ot e x u d at e s i n pl a nt a d-
a pt ati o n  t o  dr o u g ht  a n d  h e at  str e s s. J o ur n al  of  Cr o p  H e alt h 7 6 : 
9 4 1 – 9 5 5. d oi: 1 0. 1 0 0 7/ s 1 0 3 4 3- 0 2 4- 0 1 0 1 3- 8

K u z y a k o v  Y , D o m a n s ki  G. 2 0 0 0 .  C ar b o n  i n p ut  b y  pl a nt s  i nt o  t h e  s oil. 
R e vi e w. J o ur n al of Pl a nt N utriti o n a n d S oil S ci e n c e 1 6 3 : 4 2 1 – 4 3 1. d oi: 
1 0. 1 0 0 2/ 1 5 2 2- 2 6 2 4( 2 0 0 0 0 8) 1 6 3: 4 < 4 2 1:: AI D- J P L N 4 2 1 > 3. 0. C O; 2- R

L a mi c h h a n e J R , B a r b etti M J , C hil v e r s M I , P a n d e y A K , St ei n b e r g C. 
2 0 2 4 . E x pl oiti n g r o ot e x u d at e s t o m a n a g e s oil- b or n e di s e a s e c o m pl e x e s 
i n a c h a n gi n g cli m at e. Tr e n ds i n Mi cr o bi ol o g y 3 2 : 2 7 – 3 7. d oi:1 0. 1 0 1 6/j.
ti m. 2 0 2 3. 0 7. 0 1 1 

L a n o u e A , B u rl at V , H e n k e s G J , K o c h I , S c h u r r U , R ö s e U S R. 2 0 1 0 . D e 
n o v o bi o s y nt h e si s of d ef e n s e r o ot e x u d at e s i n r e s p o n s e t o F us ari u m at -
t a c k i n b arl e y. N e w P h yt ol o gist 1 8 5 : 5 7 7 – 5 8 8. d oi:1 0. 1 1 1 1/j. 1 4 6 9- 8 1 3 7.
2 0 0 9. 0 3 0 6 6. x  

L ef è v r e C , R e ki k F , Al c a nt a r a V , Wi e s e L. 2 0 1 7 . S oil Or g a ni c C ar b o n -
t h e  hi d d e n  p ot e nti al.  R o m e:  F A O. htt p s:// o p e n k n o wl e d g e.f a o. or g/
h a n dl e/ 2 0. 5 0 0. 1 4 2 8 3/i 6 9 3 7 e n

Li e s e R , L ü b b e T , Al b e r s N W , M ei e r I C. 2 0 1 8 . T h e m y c orr hi z al t y p e g o v-
er n s r o ot e x u d ati o n a n d nitr o g e n u pt a k e of t e m p er at e tr e e s p e ci e s. Tr e e 
P h ysi ol o g y 3 8 : 8 3 – 9 5. d oi:1 0. 1 0 9 3/tr e e p h y s/t p x 1 3 1

L y n c h J M , W hi p p s J M. 1 9 9 0 . S u b str at e fi o w i n t h e r hi z o s p h er e. Pl a nt a n d 
S oil 1 2 9 : 1 – 1 0. d oi:1 0. 1 0 0 7/ B F 0 0 0 1 1 6 8 5

M a W , T a n g S , D e n g z e n g Z , Z h a n g D , Z h a n g T , M a X. 2 0 2 2 . R o ot e x u-
d at e s  c o ntri b ut e  t o  b el o w gr o u n d  e c o s y st e m  h ot s p ot s:  a  r e vi e w. 
Fr o nti ers i n Mi cr o bi ol o g y 1 3 : 9 3 7 9 4 0. d oi:1 0. 3 3 8 9/f mi c b. 2 0 2 2. 9 3 7 9 4 0

M c L a u g hli n  S , Hi m mi g h of e n  P , K h a n  S A , Siff e rt  A , R o b e rt  C A M , 
S a s s e  J .  2 0 2 5.  R o ot  e x u d ati o n:  a n  i n- d e pt h  e x p eri m e nt al  g ui d e.
Pl a nt, C ell & E n vir o n m e nt 4 8 : 3 0 5 2 – 3 0 6 5. d oi:1 0. 1 1 1 1/ p c e. 1 5 3 1 1

M c L a u g hli n S , Z h al ni n a K , K o si n a S , N o rt h e n T R , S a s s e J. 2 0 2 3 . T h e 
c or e m et a b ol o m e a n d r o ot e x u d ati o n d y n a mi c s of t hr e e p h yl o g e n eti -
c all y di sti n ct pl a nt s p e ci e s. N at ur e  C o m m u ni c ati o ns 1 4 : 1 6 4 9. d oi:1 0. 
1 0 3 8/ s 4 1 4 6 7- 0 2 3- 3 7 1 6 4- x

M ei e r  I C , L e u s c h n e r  C .  2 0 0 8.  B el o w gr o u n d  dr o u g ht  r e s p o n s e  of 
E ur o p e a n b e e c h: fl n e r o ot bi o m a s s a n d c ar b o n p artiti o ni n g i n 1 4 m a -
t ur e st a n d s a cr o s s a pr e ci pit ati o n gr a di e nt. Gl o b al C h a n g e Bi ol o g y 1 4 : 
2 0 8 1 – 2 0 9 5. d oi: 1 0. 1 1 1 1/j. 1 3 6 5- 2 4 8 6. 2 0 0 8. 0 1 6 3 4. x

M e n d e s R , G a r b e v a P , R a aij m a k e r s J M. 2 0 1 3 . T h e r hi z o s p h er e mi cr o-
bi o m e: si g ni fl c a n c e of pl a nt b e n e fi ci al, pl a nt p at h o g e ni c, a n d h u m a n 
p at h o g e ni c  mi cr o or g a ni s m s. F E M S  Mi cr o bi ol o g y  R e vi e ws 3 7 : 
6 3 4 – 6 6 3. d oi: 1 0. 1 1 1 1/ 1 5 7 4- 6 9 7 6. 1 2 0 2 8  

Mi c all ef  S A , S hi a ri s  M P , C ol ó n- C a r m o n a  A .  2 0 0 9.  I n fl u e n c e  of 
Ar a bi d o psis  t h ali a n a a c c e s si o n s  o n  r hi z o b a ct eri al  c o m m u niti e s  a n d 
n at ur al  v ari ati o n  i n  r o ot  e x u d at e s. J o ur n al  of  E x p eri m e nt al  B ot a n y 
6 0 : 1 7 2 9 – 1 7 4 2. d oi:1 0. 1 0 9 3/j x b/ er p 0 5 3

N g u y e n C. 2 0 0 3 . R hi z o d e p o siti o n of or g a ni c C b y pl a nt s: m e c h a ni s m s a n d 
c o ntr ol s. A gr o n o mi e 2 3 : 3 7 5 – 3 9 6. d oi:1 0. 1 0 5 1/ a gr o: 2 0 0 3 0 1 1

O b u r g e r E , J o n e s D L. 2 0 1 8 . S a m pli n g r o ot e x u d at e s – mi s si o n i m p o s si bl e ? 
R hi z os p h er e 6 : 1 1 6 – 1 3 3. d oi:1 0. 1 0 1 6/j.r hi s p h. 2 0 1 8. 0 6. 0 0 4

O h  Y E , Mi d gl e y  M G , M c C o r m a c k  M L , et  al. 2 0 2 4 .  Pl a nt  f u n cti o n al 
gr o u p s a n d r o ot tr ait s ar e li n k e d t o e x u d ati o n r at e s of m at ur e t e m p er -
at e tr e e s. bi o R xi v 1 – 3 1. d oi: 1 0. 1 1 0 1/ 2 0 2 4. 0 8. 0 1. 6 0 6 1 7 1

Ol e g h e E , N a v e e d M , B a g g s E M , H all e t t P D. 2 0 1 7 . Pl a nt e x u d at e s i m-
pr o v e t h e m e c h a ni c al c o n diti o n s f or r o ot p e n etr ati o n t hr o u g h c o m -
p a ct e d  s oil s. Pl a nt  a n d  S oil 4 2 1 :  1 9 – 3 0.  d oi:1 0. 1 0 0 7 / s 1 1 1 0 4- 0 1 7-
3 4 2 4- 5  

Ot x a n d o r e n a- I e r e gi U , S a nt a n g eli M , Al e k s z a D , H a n n S , O b u r g e r E. 
2 0 2 4 .  Fi n e-t u ni n g  r o ot  e x u d ati o n  s a m pli n g  pr o c e d ur e s  –  e v al u ati n g
t h e  eff e ct  of  s a m pli n g  s ol uti o n  v ol u m e  a n d  t h e  s uit a bilit y  of 
Mi cr o p ur a s mi cr o bi al a cti vit y i n hi bit or. Pl a nt a n d S oil 5 0 4 : 4 1 5 – 4 3 3. 
d oi: 1 0. 1 0 0 7/ s 1 1 1 0 4- 0 2 4- 0 6 6 3 0- w

P a n c h al P , P r e e c e C , P e ñ u el a s J , Gi ri J. 2 0 2 2 . S oil c ar b o n s e q u e str ati o n 
b y  r o ot  e x u d at e s. Tr e n ds  i n  Pl a nt  S ci e n c e 2 7 :  7 4 9 – 7 5 7.  d oi:1 0. 1 0 1 6/j.
t pl a nt s. 2 0 2 2. 0 4. 0 0 9

P a n d e y P , R a m e g o w d a V , S e nt hil- K u m a r M. 2 0 1 5 . S h ar e d a n d u ni q u e 
r e s p o n s e s of pl a nt s t o m ulti pl e i n di vi d u al str e s s e s a n d str e s s c o m bi n a -
ti o n s:  p h y si ol o gi c al  a n d  m ol e c ul ar  m e c h a ni s m s. Fr o nti ers  i n  Pl a nt 
S ci e n c e 6 : 7 2 3. d oi:1 0. 3 3 8 9/f pl s. 2 0 1 5. 0 0 7 2 3

P a u s c h J , K u z y a k o v Y. 2 0 1 8 . C ar b o n i n p ut b y r o ot s i nt o t h e s oil: q u a nti-
fi c ati o n of r hi z o d e p o siti o n fr o m r o ot t o e c o s y st e m s c al e. Gl o b al C h a n g e 
Bi ol o g y 2 4 : 1 – 1 2. d oi:1 0. 1 1 1 1/ g c b. 1 3 8 5 0

P hilli p s R P , E rlit z Y , Bi e r R , B e r n h a r dt E S. 2 0 0 8 . N e w a p pr o a c h f or c a p-
t uri n g  s ol u bl e  r o ot  e x u d at e s  i n  f or e st  s oil s. F u n cti o n al  E c ol o g y 2 2 : 
9 9 0 – 9 9 9. d oi: 1 0. 1 1 1 1/j. 1 3 6 5- 2 4 3 5. 2 0 0 8. 0 1 4 9 5. x

Pi nt o n R , V a r a ni ni Z , N a n ni pi e ri P. 2 0 0 7 . T h e r hi z os p h er e: bi o c h e mistr y 
a n d  or g a ni c  s u bst a n c es  at  t h e  s oil- pl a nt  i nt erf a c e .  B o c a  R at o n:  C R C 
Pr e s s.  

P r e e c e  C , F a r r é- A r m e n g ol  G , Ll u si à  J , P e ñ u el a s  J. 2 0 1 8 .  T hir st y  tr e e 
r o ot s  e x u d e  m or e  c ar b o n. Tr e e  P h ysi ol o g y 3 8 :  6 9 0 – 6 9 5.  d oi:1 0. 1 0 9 3/
tr e e p h y s/t p x 1 6 3

P r e e c e  C , P e ñ u el a s  J. 2 0 1 6 .  R hi z o d e p o siti o n  u n d er  dr o u g ht  a n d  c o n s e-
q u e n c e s  f or  s oil  c o m m u niti e s  a n d  e c o s y st e m  r e sili e n c e. Pl a nt  a n d 
S oil 4 0 9 : 1 – 1 7. d oi:1 0. 1 0 0 7/ s 1 1 1 0 4- 0 1 6- 3 0 9 0- z

P r e s c ott C E , G r a y st o n S J , H el mi s a a ri H- S , et al. 2 0 2 0 . S ur pl u s c ar b o n 
dri v e s  all o c ati o n  a n d  pl a nt – s oil  i nt er a cti o n s. Tr e n ds  i n  E c ol o g y  & 
E v ol uti o n 3 5 : 1 1 1 0 – 1 1 1 8. d oi: 1 0. 1 0 1 6/j.tr e e. 2 0 2 0. 0 8. 0 0 7

R a mí r e z- V ali e nt e  J- A , A r a n d a  I , S a n c h é z- G ó m e z  D , 
R o d rí g u e z- C al c e r r a d a  J , V all a d a r e s  F , R o b s o n  T M .  2 0 1 9. 
I n cr e a s e d r o ot i n v e st m e nt c a n e x pl ai n t h e hi g h er s ur vi v al of s e e dli n g s 
of ‘ m e si c’ Q u er c us s u b er t h a n ‘ x eri c’ Q u er c us il e x i n s a n d y s oil s d uri n g a 
s u m m er  dr o u g ht. Tr e e  P h ysi ol o g y 3 9 :  6 4 – 7 5.  d oi: 1 0. 1 0 9 3/tr e e p h y s/
t p y 0 8 4

R ei c h P B. 2 0 1 4 . T h e w orl d- wi d e ‘f a st – sl o w’ pl a nt e c o n o mi c s s p e ctr u m: a 
tr ait s  m a nif e st o. J o ur n al  of  E c ol o g y 1 0 2 :  2 7 5 – 3 0 1.  d oi:1 0. 1 1 1 1/ 1 3 6 5-
2 7 4 5. 1 2 2 1 1  

R o b e r s o n E B , Fi r e st o n e M K. 1 9 9 2 . R el ati o n s hi p b et w e e n d e si c c ati o n a n d 
e x o p ol y s a c c h ari d e pr o d u cti o n i n a s oil Ps e u d o m o n as s p. A p pli e d a n d 
E n vir o n m e nt al  Mi cr o bi ol o g y 5 8 :  1 2 8 4 – 1 2 9 1.  d oi:1 0. 1 1 2 8/ a e m. 5 8. 4. 
1 2 8 4- 1 2 9 1. 1 9 9 2  

R olf e S A , G rif fit h s J , T o n J. 2 0 1 9 . Cr yi n g o ut f or h el p wit h r o ot e x u d at e s: 
a d a pti v e  m e c h a ni s m s  b y  w hi c h  str e s s e d  pl a nt s  a s s e m bl e  h e alt h-
pr o m oti n g  s oil  mi cr o bi o m e s. C urr e nt  O pi ni o n  i n  Mi cr o bi ol o g y 4 9 : 
7 3 – 8 2. d oi: 1 0. 1 0 1 6/j. mi b. 2 0 1 9. 1 0. 0 0 3

R o s e n b e r g M S. 2 0 2 4 . M et a Wi n 3: o p e n- s o ur c e s oft w ar e f or m et a- a n al y si s. 
Fr o nti ers i n Bi oi nf or m ati cs 4 : 1 3 0 5 9 6 9. d oi:1 0. 3 3 8 9/f bi nf. 2 0 2 4. 1 3 0 5 9 6 9

S a s s e J , M a rti n oi a E , N o rt h e n T. 2 0 1 8 . F e e d y o ur fri e n d s: d o pl a nt e x u-
d at e s s h a p e t h e r o ot mi cr o bi o m e ? Tr e n ds  i n  Pl a nt  S ci e n c e 2 3 : 2 5 – 4 1. 
d oi: 1 0. 1 0 1 6/j.t pl a nt s. 2 0 1 7. 0 9. 0 0 3

S c h n ei d e r C A , R a s b a n d W S , Eli c ei ri K W. 2 0 1 2 . NI H I m a g e t o I m a g e J: 
2 5  y e ar s  of  i m a g e  a n al y si s. N at ur e  M et h o ds 9 :  6 7 1 – 6 7 5.  d oi:1 0. 1 0 3 8/
n m et h. 2 0 8 9  

S h a d e A , St o p ni s e k N. 2 0 1 9 . A b u n d a n c e- o c c u p a n c y di stri b uti o n s t o pri or-
iti z e  pl a nt  c or e  mi cr o bi o m e  m e m b er s hi p. C urr e nt  O pi ni o n  i n 
Mi cr o bi ol o g y 4 9 : 5 0 – 5 8. d oi:1 0. 1 0 1 6/j. mi b. 2 0 1 9. 0 9. 0 0 8  
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S o k ol  N W , K u e b bi n g  S a r a  E , K a rl s e n- A y al a  E , B r a df o r d  M A. 2 0 1 9 . 
E vi d e n c e f or t h e pri m a c y of li vi n g r o ot i n p ut s, n ot r o ot or s h o ot litt er, 
i n f or mi n g s oil or g a ni c c ar b o n. N e w P h yt ol o gist 2 2 1 : 2 3 3 – 2 4 6. d oi:1 0. 
1 1 1 1/ n p h. 1 5 3 6 1

S u n L , At a k a M , H a n M , et al. 2 0 2 1 . R o ot e x u d ati o n a s a m aj or c o m p et-
iti v e fi n e-r o ot f u n cti o n al tr ait of 1 8 c o e xi sti n g s p e ci e s i n a s u btr o pi c al 
f or e st. N e w P h yt ol o gist 2 2 9 : 2 5 9 – 2 7 1. d oi:1 0. 1 1 1 1/ n p h. 1 6 8 6 5

Ti xi e r A , B a r n a r d R L , J e u d y C , P r u d e nt M. 2 0 2 5 . S u g ar a n d a mi n o a ci d 
e x hi bit diff er e nt s p ati al p att er n s of r o ot e x u d ati o n i n r e s p o n s e t o w at er 
str e s s a n d n li mit ati o n i n p e a. Pl a nt a n d S oil . 5 1 2 : 1 2 6 1 – 1 2 7 7. d oi: 1 0. 
1 0 0 7/ s 1 1 1 0 4- 0 2 4- 0 7 1 3 9- y

Ti zi a ni R , Mi r a s- M o r e n o B , M al a c ri n ò A , et al. 2 0 2 2 . Dr o u g ht, h e at, a n d 
t h eir c o m bi n ati o n i m p a ct t h e r o ot e x u d ati o n p att er n s a n d r hi z o s p h er e 
mi cr o bi o m e i n m ai z e r o ot s. E n vir o n m e nt al a n d E x p eri m e nt al B ot a n y 
2 0 3 : 1 0 5 0 7 1. d oi:1 0. 1 0 1 6/j. e n v e x p b ot. 2 0 2 2. 1 0 5 0 7 1

Ul ri c h D E M , Cl e n di n e n C S , Al o n gi F , et al. 2 0 2 2 . R o ot e x u d at e c o m p o-
siti o n r e fi e ct s dr o u g ht s e v erit y gr a di e nt i n bl u e gr a m a ( B o ut el o u a gr a -
cilis ). S ci e nti fl c R e p orts 1 2 : 1 2 5 8 1. d oi:1 0. 1 0 3 8/ s 4 1 5 9 8- 0 2 2- 1 6 4 0 8- 8

Ul ri c h  D E M , S e v a nt o  S , R y a n  M , Al b ri g ht  M B N , J o h a n s e n  R B , 
D u n b a r  J M. 2 0 1 9 .  Pl a nt- mi cr o b e  i nt er a cti o n s  b ef or e  dr o u g ht  i n fl u-
e n c e  pl a nt  p h y si ol o gi c al  r e s p o n s e s  t o  s u b s e q u e nt  s e v er e  dr o u g ht.
S ci e nti fi c R e p orts 9 : 2 4 9. d oi:1 0. 1 0 3 8/ s 4 1 5 9 8- 0 1 8- 3 6 9 7 1- 3

v a n D a m N M , B o u w m e e st e r H J. 2 0 1 6 . M et a b ol o mi c s i n t h e r hi z o s p h er e: 
t a p pi n g i nt o b el o w gr o u n d c h e mi c al c o m m u ni c ati o n. Tr e n ds i n Pl a nt 
S ci e n c e 2 1 : 2 5 6 – 2 6 5. d oi:1 0. 1 0 1 6/j.t pl a nt s. 2 0 1 6. 0 1. 0 0 8

Vill a ri n o S H , Pi nt o P , J a c k s o n R B , Pi ñ ei r o G. 2 0 2 1 . Pl a nt r hi z o d e p o si-
ti o n: a k e y f a ct or f or s oil or g a ni c m att er f or m ati o n i n st a bl e fr a cti o n s. 
S ci e n c e A d v a n c es 7 : e a b d 3 1 7 6. d oi:1 0. 1 1 2 6/ s ci a d v. a b d 3 1 7 6

Vi v e s- P e ri s  V , d e  Oll a s  C , G ó m e z- C a d e n a s  A , P é r e z- Cl e m e nt e  R M. 
2 0 2 0 .  R o ot  e x u d at e s:  fr o m  pl a nt  t o  r hi z o s p h er e  a n d  b e y o n d. Pl a nt 
C ell R e p orts 3 9 : 3 – 1 7. d oi:1 0. 1 0 0 7/ s 0 0 2 9 9- 0 1 9- 0 2 4 4 7- 5

W a n g C , K u z y a k o v Y. 2 0 2 4 . R hi z o s p h er e e n gi n e eri n g f or s oil c ar b o n s e-
q u e str ati o n. Tr e n ds  i n  Pl a nt  S ci e n c e 2 9 :  4 4 7 – 4 6 8.  d oi:1 0. 1 0 1 6/j.
t pl a nt s. 2 0 2 3. 0 9. 0 1 5 

W a n g X , T a n g C , S e v e ri J , B utt e rl y C R , B al d o c k J A. 2 0 1 6 . R hi z o s p h er e
pri mi n g eff e ct o n s oil or g a ni c c ar b o n d e c o m p o siti o n u n d er pl a nt s p e -
ci e s diff eri n g i n s oil a ci di fl c ati o n a n d r o ot e x u d ati o n. N e w P h yt ol o gist 
2 1 1 : 8 6 4 – 8 7 3. d oi:1 0. 1 1 1 1/ n p h. 1 3 9 6 6

Willi a m s A , d e V ri e s F T. 2 0 2 0 . Pl a nt r o ot e x u d ati o n u n d er dr o u g ht: i m-
pli c ati o n s  f or  e c o s y st e m  f u n cti o ni n g. N e w  P h yt ol o gist 2 2 5 : 
1 8 9 9 – 1 9 0 5. d oi: 1 0. 1 1 1 1/ n p h. 1 6 2 2 3

Willi a m s A , L a n g ri d g e H , St r a at h of A L , et al. 2 0 2 1 . C o m p ari n g r o ot e x-
u d at e c oll e cti o n t e c h ni q u e s: a n i m pr o v e d h y bri d m et h o d. S oil Bi ol o g y 
& Bi o c h e mistr y 1 6 1 : 1 0 8 3 9 1. d oi:1 0. 1 0 1 6/j. s oil bi o. 2 0 2 1. 1 0 8 3 9 1

Willi a m s  A , L a n g ri d g e  H , St r a at h of  A L , et  al. 2 0 2 2 .  R o ot  f u n cti o n al 
tr ait s  e x pl ai n  r o ot  e x u d ati o n  r at e  a n d  c o m p o siti o n  a cr o s s  a  r a n g e  of 
gr a s sl a n d  s p e ci e s. J o ur n al  of  E c ol o g y 1 1 0 :  2 1 – 3 3.  d oi:1 0. 1 1 1 1/ 1 3 6 5-
2 7 4 5. 1 3 6 3 0  

W o r c h el E R , Gi a u q u e H E , Ki vli n S N. 2 0 1 3 . F u n g al s y m bi o nt s alt er pl a nt 
dr o u g ht r e s p o n s e. Mi cr o bi al E c ol o g y 6 5 : 6 7 1 – 6 7 8. d oi:1 0. 1 0 0 7/ s 0 0 2 4 8-
0 1 2- 0 1 5 1- 6  

W ri g ht I J , R ei c h P B , W e st o b y M , et al. 2 0 0 4 . T h e w orl d wi d e l e af e c o-
n o mi c s s p e ctr u m. N at ur e 4 2 8 : 8 2 1 – 8 2 7. d oi:1 0. 1 0 3 8/ n at ur e 0 2 4 0 3

Y a n S , Yi n L , Dij k st r a F A , W a n g P , C h e n g W. 2 0 2 3 . Pri mi n g eff e ct o n 
s oil c ar b o n d e c o m p o siti o n b y r o ot e x u d at e s urr o g at e s: a m et a- a n al y si s. 
S oil  Bi ol o g y  &  Bi o c h e mistr y 1 7 8 :  1 0 8 9 5 5. d oi: 1 0. 1 0 1 6/j. s oil bi o. 2 0 2 3.
1 0 8 9 5 5  

Z a m b elli A , N o cit o F F , A r a niti F. 2 0 2 5 . U n v eili n g t h e m ultif a c et e d r ol e s 
of  r o ot  e x u d at e s:  c h e mi c al  i nt er a cti o n s,  all el o p at h y,  a n d  a gri c ult ur al 
a p pli c ati o n s. A gr o n o m y 1 5 : 8 4 5. d oi:1 0. 3 3 9 0/ a gr o n o m y 1 5 0 4 0 8 4 5

Z h al ni n a K , L o ui e K B , H a o Z , et al. 2 0 1 8 . D y n a mi c r o ot e x u d at e c h e m-
i str y a n d mi cr o bi al s u b str at e pr ef er e n c e s dri v e p att er n s i n r hi z o s p h er e 
mi cr o bi al c o m m u nit y a s s e m bl y. N at ur e Mi cr o bi ol o g y 3 : 4 7 0 – 4 8 0. d oi: 
1 0. 1 0 3 8/ s 4 1 5 6 4- 0 1 8- 0 1 2 9- 3

Z h u B , G ut k n e c ht J L M , H e r m a n D J , K e c k D C , Fi r e st o n e M K , C h e n g
W. 2 0 1 4 . R hi z o s p h er e pri mi n g eff e ct s o n s oil c ar b o n a n d nitr o g e n mi n-
er ali z ati o n. S oil  Bi ol o g y  &  Bi o c h e mistr y 7 6 :  1 8 3 – 1 9 2.  d oi:1 0. 1 0 1 6/j.
s oil bi o. 2 0 1 4. 0 4. 0 3 3  

D
o

w
nl

o
a
d
e
d fr

o
m 

htt
ps://

ac
a
d
e

mic.
o
u
p.c

o
m/

a
o
b/

articl
e/

1
3
7/

5/
1
1
5
6/

8
4
1
7
0
0
7 

by 
M
o
nt

a
n
a 

St
at

e 
U
niv

ersity - 
B
oz

e
m
a
n 

us
er 

o
n 

0
6 J

u
n
e 

2
0
2
6 

https://doi.org/10.1111/nph.15361
https://doi.org/10.1111/nph.15361
https://doi.org/10.1111/nph.16865
https://doi.org/10.1007/s11104-024-07139-y
https://doi.org/10.1007/s11104-024-07139-y
https://doi.org/10.1016/j.envexpbot.2022.105071
https://doi.org/10.1038/s41598-022-16408-8
https://doi.org/10.1038/s41598-018-36971-3
https://doi.org/10.1016/j.tplants.2016.01.008
https://doi.org/10.1126/sciadv.abd3176
https://doi.org/10.1007/s00299-019-02447-5
https://doi.org/10.1016/j.tplants.2023.09.015
https://doi.org/10.1016/j.tplants.2023.09.015
https://doi.org/10.1111/nph.13966
https://doi.org/10.1111/nph.16223
https://doi.org/10.1016/j.soilbio.2021.108391
https://doi.org/10.1111/1365-2745.13630
https://doi.org/10.1111/1365-2745.13630
https://doi.org/10.1007/s00248-012-0151-6
https://doi.org/10.1007/s00248-012-0151-6
https://doi.org/10.1038/nature02403
https://doi.org/10.1016/j.soilbio.2023.108955
https://doi.org/10.1016/j.soilbio.2023.108955
https://doi.org/10.3390/agronomy15040845
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1016/j.soilbio.2014.04.033
https://doi.org/10.1016/j.soilbio.2014.04.033
https://academic.oup.com/aob/article/137/5/1156/8417007



