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A b str a c t

P e atl a n d s at hi g h l atit u d e s h a v e a c c u m ul at e d > 4 0 0  P g c ar b o n ( C) b e c a u s e s at ur at e d 

s oil a n d c ol d t e m p er at ur e s s u p pr e s s C d e c o m p o siti o n. T hi s s u b st a nti al a m o u nt of C 

i n  Ar cti c  a n d  B or e al  p e atl a n d s  i s  p ot e nti all y  s u bj e ct  t o  i n cr e a s e d  d e c o m p o siti o n  if 

t h e  w at er  t a bl e  ( W T)  d e cr e a s e s  d u e  t o  cli m at e  c h a n g e,  i n cl u di n g  p er m afr o st  t h a w-

r el at e d dr yi n g. H er e, w e o pti mi z e a v er si o n of t h e Or g a ni zi n g C ar b o n a n d H y dr ol o g y 

I n D y n a mi c E c o s y st e m s m o d el ( O R C HI D E E-P C H 4) u si n g sit e- s p e cifi c o b s er v ati o n s t o 

i n v e sti g at e c h a n g e s i n C O2  a n d C H4  fl u x e s a s w ell a s C st o c k r e s p o n s e s t o a n e x p eri-

m e nt all y m a ni p ul at e d d e cr e a s e of W T at si x n or t h er n p e atl a n d s. T h e u n m a ni p ul at e d 

c o ntr ol p e atl a n d s, wit h t h e W T < 2 0  c m o n a v er a g e ( s e a s o n al m a x u p t o 4 5  c m) b el o w 

t h e s urf a c e, c urr e ntl y a ct a s C si n k s i n m o st y e ar s ( 5 8  ±   3 4  g C  m− 2 y e ar − 1 ; i n cl u di n g 

6  ±   7  g  C –C H 4  m − 2 y e ar − 1   e mi s si o n).  W e  f o u n d,  h o w e v er,  t h at  l o w eri n g  t h e  W T  b y 

1 0  c m  r e d u c e d  t h e  C O 2   si n k  b y  1 3 ±   1 5  g  C  m− 2 y e ar − 1  a n d d e cr e a s e d C H4   e mi s si o n 

b y 4  ±   4  g C H4  m− 2 y e ar − 1 , t h u s a c c u m ul ati n g l e s s C o v er 1 0 0  y e ar s ( 0. 2 ±   0. 2  k g  C  m− 2 ). 
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1   |  I N T R O D U C T I O N

T h e c ar b o n ( C) s t o c k of n or t h e r n p e atl a n d s i s e s ti m at e d t o b e 2 6 5 –

6 2 1  P g  ( G or h a m, 1 9 9 1 ;  H u g eli u s  et  al., 2 0 2 0 ;  Tr e at  et  al., 2 0 1 9 ; 

Y u et al., 2 0 1 0 ) wit h s o m e e s ti m at e s a s hi g h a s 1 0 5 5 P g C ( Ni c h ol s 

&  P et e et, 2 0 1 9 )  d e s pit e  c o nt r o v e r s y  ( Ni c h ol s  &  P et e et, 2 0 2 1 ; 

R at clif f e et al., 2 0 2 1 ; Y u et al., 2 0 2 1 ). A p p r o xi m at el y h alf of n or t h-

e r n p e atl a n d s ar e u n d e rl ai n b y p e r m af r o s t ( H u g eli u s et al., 2 0 2 0 ), 

c o nt ri b uti n g t o a l ar g e p or ti o n of p e r m af r o s t C s t o c k of 1 0 3 5  ±   1 5 0 

P g i n t h e fir s t 3  m d e pt h ( H u g eli u s et al., 2 0 1 4 ; S c h u ur et al., 2 0 1 5 ). 

M o s t of t h e n or t h e r n p e atl a n d s C h a v e a c c u m ul at e d af t e r t h e l a s t 

gl a ci al  m a xi m u m  ( Kl ei n e n  et  al., 2 0 1 2 ;  M a c D o n al d  et  al., 2 0 0 6 ; 

Tr e at et al., 2 0 1 9 ; Y u et al., 2 0 1 0 ), a n d u n di s t ur b e d p e atl a n d s c o n-

ti n u e t o a c c u m ul at e C at p r e s e nt ( B ri d g h a m et al., 2 0 0 6 ; H u g eli u s 

et  al., 2 0 2 0 ;  T ar n o c ai  et  al., 2 0 0 9 ).  P e atl a n d s  a c t  a s  C  si n k s  b e-

c a u s e pl a nt p r o d u c ti vit y s u s t ai n s lit t e r C i n p ut b ut a n a e r o bi c c o n -

diti o n s, l o w p H, a n d p o or lit t e r q u alit y i n hi bit p e at d e c o m p o siti o n. 

H o w e v e r,  t h e r e  i s  a n  i n cr e a si n g  c o n c e r n  t h at  t hi s  s u b s t a nti al  C 

s t o c k i s b e c o mi n g v ul n e r a bl e t o d e c o m p o siti o n i n r e s p o n s e t o dr y -

i n g.  D r yi n g,  a s  a  r e s ult  of  a  l o w e r  w at e r  t a bl e  ( W T),  e x p o s e s  t h e 

u p p e r p e at h ori z o n s t o a e r o bi c c o n diti o n s, w hi c h dr a m ati c all y i n -

cr e a s e s C d e c o m p o siti o n r at e s.

I n l o w t o mi d-l atit u d e s, s u b st a nti al ar e a s of p e atl a n d s h a v e b e-

c o m e  dri er  d u e  t o  a nt hr o p o g e ni c  dr ai n a g e  b y  dit c h e s  f or  f or e str y, 

a gri c ult ur e, a n d ur b a ni z ati o n ( B yr n e et al., 2 0 0 4 ; E v a n s et al., 2 0 2 1 ; 

Wij e d a s a  et  al., 2 0 1 8 ),  i n  a d diti o n  t o  cli m at e  w ar mi n g  a n d  dr yi n g 

o v er n at ur al p e atl a n d s ( S wi n dl e s et al., 2 0 1 9 ). I n n or t h er n hi g h l at-

it u d e s,  h o w e v er,  p e atl a n d  dr yi n g  i s  m o stl y  a s s o ci at e d  wit h  cli m at e 

c h a n g e  t hr o u g h  s e v er al  pr o c e s s e s.  Fir st,  if  e v a p otr a n s pir ati o n  i n-

cr e a s e s  f a st er  t h a n  pr e ci pit ati o n,  t h e  W T  i s  li k el y  t o  d e cr e a s e. 

G e n er all y, i n cr e a si n g pr e ci pit ati o n i s e x p e ct e d d u e t o a n e n h a n c e d 

h y dr ol o gi c c y cl e ( Bi nt a nj a & A n dr y, 2 0 1 7 ; Bi nt a nj a & S elt e n, 2 0 1 4 ) 

b ut  t h e  p at t er n s  v ar y  s p ati all y  a n d  t e m p or all y  ( Gr e v e  et  al., 2 0 1 4 ) 

t o g et h er wit h m or e fr e q u e nt e x tr e m e pr e ci pit ati o n e v e nt s ( P al m er 

&  R äi s ä n e n, 2 0 0 2 ;  S hi o g a m a  et  al., 2 0 1 6 ).  F ur t h er m or e,  i n  t h e 

hi g h  l atit u d e s,  a  l ar g e  fr a cti o n  of  pr e ci pit ati o n  c a n  b e  l o st  d uri n g 

t h e s pri n g m elt ( D o u vill e et al., 2 0 2 1 ; Kir t m a n et al., 2 0 1 3 ) a n d t h e 

gr o wi n g s e a s o n c a n h a v e a n e g ati v e w at er b al a n c e. C o u pl e d M o d el 

I nt er c o m p ari s o n  Pr oj e ct  ( C MI P 6)  cli m at e  m o d el s  pr e di ct  s h or t er 

b ut  str o n g er  dr o u g ht  e v e nt s  at  hi g h  l atit u d e s  b y  2 1 0 0  ( U k k ol a 

et al., 2 0 2 0 ). W ar m er t e m p er at ur e s al s o e n h a n c e e v a p otr a n s pir ati o n 

( H el bi g et al., 2 0 2 0 ), w hi c h d e cr e a s e s s oil m oi st ur e, a n d p o s si bl y t h e 

W T i n p e atl a n d s. S e c o n d, hi g h er air t e m p er at ur e s t h a w p er m afr o st 

a n d  m elt  e x t e n si v e  gr o u n d  i c e  c o m pl e x e s,  w hi c h  s u b s e q u e ntl y  i n-

cr e a s e s a cti v e l a y er t hi c k n e s s a n d c h a n g e s s ur f a c e m or p h ol o g y. T hi s 

c h a n g e i n s ur f a c e m or p h ol o g y alt er s t h e s p ati al a n d v er ti c al di stri-

b uti o n  of  w at er  i n  p er m afr o st  p e atl a n d s  a n d  e x p o s e s  s ur f a c e  p e at 

l a y er s  t o  a er o bi c  d e c o m p o siti o n  i n  s o m e  ar e a s  ( L e wi s  et  al., 2 0 1 2 ; 

Ol ef el dt  et  al., 2 0 1 6 ).  T hi s  c a n  o c c ur  at  s m all  s p ati al  s c al e s,  wit h  a 

v ari ati o n of l o c al w et v er s u s dr y p at c h e s i n p ol y g o n al t u n dr a, or at 

l ar g e s c al e s, s u c h a s t h er m o k ar st f or m ati o n or t h a w l a k e dr ai n a g e, 

w hi c h  ar e  hi g hl y  v ari a bl e  i n  s p a c e  a n d  ti m e  ( F e w st er  et  al., 2 0 2 2 ; 

J o n e s et al., 2 0 2 2 ; Lilj e d a hl et al., 2 0 1 6 ).

C urr e ntl y,  Ar cti c  a n d  b or e al  p e atl a n d s  ar e  C  si n k s  ( Vir k k al a 

et al., 2 0 2 1 ), a n d p e atl a n d dr yi n g h a s t h e p ot e nti al t o alt er C fl u x e s 

a n d s oil or g a ni c C ( S O C) st o c k s ( A vi s et al., 2 0 1 1 ; L ar a et al., 2 0 1 5 ; 

L a wr e n c e et al., 2 0 1 5 ; V a u g h n et al., 2 0 1 6 ; W ai n wri g ht et al., 2 0 1 5 ). 

G e n er all y,  t h e  e x p o s ur e  of  p e at  s oil s  t o  o x y g e n  i n  t h e  u n d er s at u-

r at e d  p ar t  of  t h e  s oil  pr ofil e  d e cr e a s e s  C H 4   pr o d u c ti o n  a n d  e mi s-

si o n s  b ut  i n cr e a s e s  C O 2   e mi s si o n s  d u e  t o  S O C  d e c o m p o siti o n 

( H u a n g et al., 2 0 2 1 ; L eif el d et al., 2 0 1 9 ; L eif el d & M e ni c h et ti, 2 0 1 8 ), 

p ot e nti all y  c o ntri b uti n g  t o  a  p o siti v e  c ar b o n- cli m at e  f e e d b a c k 

( G ü nt h er et al., 2 0 2 0 ). H u a n g et al. (2 0 2 1 ) e sti m at e d C O2  e mi s si o n s 

t o b e i n cr e a s e d b y 1. 1 2  m g C  m− 2 h − 1 c m − 1  a n d C H4  e mi s si o n s t o b e 

d e cr e a s e d  b y  0. 0 9  m g  C  m − 2 h − 1 c m − 1  d u e t o dr yi n g i n gl o b al p e at-

l a n d s, b ut t h e e mi s si o n c h a n g e s of n or t h er n p e atl a n d s w er e hi g hl y 

s e n siti v e a n d v ari a bl e c o m p ar e d t o l o w er l atit u d e s. I n a d diti o n, t e m -

p er at ur e s e n siti vit y of C H 4   e mi s si o n s  v ari e s  wit h  W T  a n d  c a n  a d d 

c o m pl e xit y t o t h e C H 4 : C O2  r ati o u n d er t e m p er at ur e a n d W T v ari a-

ti o n s ( C h e n et al., 2 0 2 1 ).

D e s pit e  g r o wi n g  r e s e a r c h  o n  t h e  s e n siti vit y  of  p e atl a n d s  t o 

d r yi n g,  b ot h  C O 2  a n d C H4  g a s r e s p o n s e s a n d t h e c h a n g e of C 

Y et, t h e r e d u c e d e mi s si o n of C H 4 , w hi c h h a s a l ar g er gr e e n h o u s e w ar mi n g p ot e nti al, 

r e s ult e d i n a n et d e cr e a s e i n gr e e n h o u s e g a s b al a n c e b y 3 1 0  ±   3 6 0  g  C O2- e q m − 2 y e ar − 1 . 

P e atl a n d s  wit h  t h e  i niti al  W T  cl o s e  t o  t h e  s oil  s urf a c e  w er e  m or e  v ul n er a bl e  t o  C 

l o s s: N o n-p er m afr o st p e atl a n d s l o st > 2  k g  C  m − 2  o v er 1 0 0  y e ar s w h e n W T i s l o w er e d 

b y 5 0  c m, w hil e p er m afr o st p e atl a n d s t e m p or all y s wit c h e d fr o m C si n k s t o s o ur c e s. 

T h e s e r e s ult s hi g hli g ht t h at r e d u cti o n s i n C st or a g e c a p a cit y i n r e s p o n s e t o dr yi n g of 

n or t h er n p e atl a n d s ar e off s et i n p ar t b y r e d u c e d C H 4  e mi s si o n s, t h u s sli g htl y r e d u ci n g 

t h e p o siti v e c ar b o n cli m at e f e e d b a c k s of p e atl a n d s u n d er a w ar m er a n d dri er f ut ur e 

cli m at e s c e n ari o.

K E Y W O R D S

c ar b o n fl u x, c ar b o n st o c k, dr ai n a g e, hi g h l atit u d e, l a n d s ur f a c e m o d el, m a ni p ul ati o n 

e x p eri m e nt, p er m afr o st t h a w
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s t o c k s  i n  n o r t h e r n  cir c u m a r c ti c  p e atl a n d s  a r e  s till  u n c e r t ai n,  e s -

p e ci all y  f o r  p e atl a n d s  u n d e rl ai n  b y  p e r m af r o s t.  I n di vi d u al- sit e 

s t u di e s  i n  A r c ti c  a n d  B o r e al  r e gi o n s  c o n si s t e ntl y  s h o w e d  i n -

cr e a s e d C O 2  e mi s si o n s f r o m e c o s y s t e m r e s pir ati o n (R e c o ,  [ Kit tl e r 

et  al., 2 0 1 6 ;  M a r ti k ai n e n  et  al., 1 9 9 5 ;  N at ali  et  al., 2 0 1 5 ])  a n d 

d e cr e a s e d C H 4  e mi s si o n s ( Kit tl e r et al., 2 0 1 7 ; K w o n et al., 2 0 1 7 ; 

N at ali  et  al., 2 0 1 5 ;  N y k ä n e n  et  al., 1 9 9 8 ;  Ol ef el dt  et  al., 2 0 1 7 ; 

T u r et s k y et al., 2 0 0 8 , 2 0 1 4 ; Z o n a et al., 2 0 0 9 ) i n r e s p o n s e t o l o w e r 

W T. H o w e v e r, g r o s s p ri m a r y p r o d u c ti o n ( G P P) s h o w e d c o nt r a s ti n g 

r e s p o n s e s, t h at i s, r e d u c e d ( Ol ef el dt et al., 2 0 1 7 ) o r i n cr e a s e d G P P 

( Kit tl e r  et  al., 2 0 1 6 ;  N at ali  et  al., 2 0 1 5 ),  d e p e n di n g  o n  t h e  pl a nt 

c o m m u nit y c o m p o siti o n a n d t h e o c c u r r e n c e of s hif t i n s p e ci e s d u e 

t o d r yi n g. S o m e s t u di e s s y nt h e si z e d t h e d r yi n g ef f e c t s i n n o r t h e r n 

cir c u m a r c ti c  p e atl a n d s,  b ut  t h e y  w e r e  li mit e d  t o  C H 4   ( N y k ä n e n 

et al., 1 9 9 8 ; Ol ef el dt et al., 2 0 1 3 ; T u r et s k y et al., 2 0 1 4 ) o r t o a s m all 

r e gi o n ( L ai n e et al., 1 9 9 6 ). T o q u a ntif y t h e r e s p o n s e of b ot h C O2

a n d  C H 4   fl u x e s  a n d  S O C  s t o c k  t o  d r yi n g  i n  n o r t h e r n  p e atl a n d s, 

w e c o m pil e d C O 2  a n d C H4  fl u x e s f r o m si x fi el d W T m a ni p ul ati o n 

e x p e ri m e nt s f r o m A r c ti c a n d B o r e al sit e s, o pti mi z e d k e y p a r a m e -

t e r s of t h e O R C HI D E E- P C H 4 l a n d s u r f a c e m o d el u si n g d at a a s si m -

il ati o n t o r e p r o d u c e v a r yi n g W T c o n diti o n s, a n d q u a ntifi e d t h e C 

fl u x a n d s t o c k c h a n g e i n r e s p o n s e t o d r yi n g. S p e cifi c all y, u si n g a 

sit e s p e cifi c all y o pti mi z e d m o d el, w e fir s t q u a ntif y t h e s e n siti vit y 

of C fl u x e s of e a c h sit e w h e n W T i s s e q u e nti all y l o w e r e d b y 5, 1 0, 

2 0,  a n d  5 0  c m  r el ati v e  t o  t h e  c o nt r ol  W T,  a n d  t h e n  e v al u at e  t h e 

c h a n g e s i n C s t o c k s w h e n t h e W T i s l o w e r e d f o r 1 0 0  y e a r s. L a s tl y, 

w e c o m p a r e w h at d ri v e s t h e v a ri ati o n s i n C fl u x s e n siti vit y a m o n g 

sit e s.

2   |   M E T H O D

2. 1   |  Fi el d dr yi n g m a ni p ul ati o n e x p eri m e nt sit e s

W e  u s e d  d at a  f r o m  si x  fi el d  W T  m a ni p ul ati o n  ( d r ai n a g e)  e x p e ri -

m e nt s,  w hi c h  a r e  l o c at e d  b et w e e n  6 2-  a n d 7 1-d e g r e e  N o r t h:  ( 1) 

S ä r k k ä, Fi nl a n d ( FI - S A R), ( 2) L a k k a s u o, Fi nl a n d ( FI - L A K), ( 3) H e al y, 

Al a s k a ( U S - H E A), ( 4) B o n a n z a, Al a s k a ( U S - B Z F), ( 5) C h e r s k y, R u s si a 

( R U -C H E),  a n d  ( 6)  Ut qi a g vi k  ( a. k. a.  B a r r o w),  A k a s k a  ( U S - B E S; 

T a bl e 1 ). T h e s p e cifi c p e atl a n d t y p e s i n cl u d e b o r e al b o g, f e n, a n d 

m oi s t / w et t u n d r a. T h r e e sit e s a r e u n d e rl ai n b y p e r m af r o s t, w hil e 

t h e ot h e r s a r e n ot ( T a bl e 1 ). P e at d e pt h s r a n g e f r o m 0. 2 t o 2. 7  m 

(T a bl e 2 ; n ot e t h at R U - C H E h a s p e at d e pt h s of 0. 2 – 0. 4  m c o n si d-

e ri n g s p ati al h et e r o g e n eit y, a n d t o b e e x a c t it i s n ot p e atl a n d b y 

d efi niti o n — p e at d e pt h s h o ul d b e > 0. 4  m). T h e a v e r a g e c o nt r ol W T 

v a ri e s f r o m 2 0  c m ( b el o w g r o u n d) t o − 5  c m ( a b o v e g r o u n d), wit h t h e 

l o w e s t s e a s o n al W T r a n gi n g f r o m 4 5  c m t o − 1  c m ( Fi g u r e S 1 ). T h e 

d r ai n a g e  e x p e ri m e nt s  w e r e  c a r ri e d  o ut  i n  p a r all el  wit h  t h e  c o n -

t r ol e x p e ri m e nt s, a n d t h e d r ai n a g e i nt e n sit y v a ri e s b y sit e, r a n gi n g 

f r o m − 1 7 ( 1 7  c m l o w e r W T c o m p a r e d t o t h e c o nt r ol) t o 0  c m ( n o a v -

e r a g e dif f e r e n c e). Fl u x r at e s w e r e m e a s u r e d 0 – 3 0  y e a r s af t e r t h e 

d r yi n g e x p e ri m e nt s s t a r t e d. C O 2  a n d C H4   fl u x e s  w e r e  m e a s u r e d 

u si n g e d d y c o v a ri a n c e m et h o d a n d / o r c h a m b e r s. M o r e d et ail s o n T
A
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site characteristics and experimental setups are found in the ref-
erences in Table 1.

2.2  |  Model description

We used a modified version of the land surface model ORCHIDEE-
PEAT that was developed to simulate northern peatlands (Qiu 
et al., 2018). This version is called ORCHIDEE-PCH4, and simu-
lates hydrology, surface energy, and C cycle processes resulting in 
CO2 and CH4 fluxes in northern peatlands using the parameteriza-
tions from Qiu et al. (2018) and a CH4 module (Salmon et al., 2021). 
Photosynthesis and plant respiration are simulated for peatland veg-
etation type (represented as C3 graminoids) as described in section 
2.2.1 in Qiu et al. (2018). After senescence, litterfall goes into two 
litter pools (metabolic and structural) and three soil C pools (active, 
slow, and passive) after a series of decomposition processes follow-
ing the CENTURY scheme (Krinner et al., 2005; Parton et al., 1987; 
Paustian et al., 1992). The decomposition rates of active, slow, and 
passive soil C pools, including the transfer among soil pools are 1.0, 
0.027, and 0.0006 year−1 at 30°C, and the actual rates are simulated 
considering soil temperature, moisture, and depth (Qiu et al., 2019). 
Peat C from three pools is decomposed to CO2 and CH4, with the 
decomposition rates affected by soil temperature and moisture, peat 
depth, and additionally oxygen concentration in soil pores in the 
case of CH4 (Qiu et al., 2019; Salmon et al., 2021). Oxygen is diffused 
between the atmosphere and the top soil layer, or through snow lay-
ers when existing, as well as between soil layers, and is also provided 
up to the rooting depths by plant roots (Salmon et al., 2021). Oxygen 
in soils oxidizes CH4, and the oxidation rate is determined by the 
turnover time of CH4 (Salmon et al., 2021). The residual CH4 after 
oxidation in each layer is then emitted to the atmosphere through 
diffusion, ebullition, and plant-mediated transport. Diffusion oc-
curs between soil layers as well as between top soil layer and the 
atmosphere based on the concentration gradients, soil moisture, and 
soil pore size. Methane bubbles form due to hydrostatic pressure in 
soil, and the probability of these bubbles to reach the atmosphere is 
simulated as ebullition. The amount of plant-mediated transport is 

influenced by the gas transport efficiency (representing aerenchyma 
density) and seasonal plant productivity. More details on these 
processes are described in section 2.1 in Salmon et al. (2021). Peat 
growth (accumulation of peat C; C input into soil minus CO2 & CH4

production/decomposition) is simulated by transferring excessive 
peat C of one layer to the one below within the 32 discretized soil 
layers (section 2.1 in Qiu et al. (2019)).

2.3  |  Model setup and parameter optimization

The ORCHIDEE model allows multiple vegetation types in one 
grid cell, with distinct soil tiles to compute the hydrology of peat, 
herbaceous, and woody vegetation types. The fraction of the grid 
cell occupied by peatland receives runoff from the other non-
peat vegetation fractions to maintain a high WT (Qiu et al., 2018), 
and the prognostic WT in peatland depends on the fraction size 
of non-peatland vegetation. Here, we do not use the prognostic 
WT from the model but set the entire grid cell to be covered by 
peatlands. Then, we prescribed soil moisture according to the ob-
served daily WT (the resolution can be 30 min), and set soil mois-
ture to 0.80 (80% of soil porosity filled with water and 20% with 
air) for the soil layers below WT and to 0.50 for the soil layers 
above WT. These values are the averages soil moisture observed 
in US-HEA and RU-CHE sites, where volumetric soil moisture was 
measured.

To more accurately simulate soil temperature, which is one of the 
critical drivers for CO2- and CH4-related processes and their rates, 
we used the thermal properties (heat capacity of 2.5∙106 J K−1 m−3

and thermal conductivity of 0.05 W m−1 K−1 [dry] and 0.25 W m−1 K−1

[solid]) of 100% organic soil in the model. The apparent heat capacity 
and thermal conductivity were calculated considering the water and 
ice content in soil (Guimberteau et al., 2018). Plus, when simulated 
soil temperature was higher than observations, we overwrote the 
thermal properties of dry peat soils at the top soil layers within the 
soil thermic sub-module to mimic the insulating function of an over-
lying moss or organic soil layer to accurately simulate observed soil 
temperature profiles (Gornall et al., 2007; Soudzilovskaia et al., 2013) 

TA B L E  2  Initialization parameters for each site for fitting soil temperature and soil organic carbon (C) content

Site
# dry peat 
layer (cm)

SOC accumulation 
(years)

obs. peat depth 
(m)

sim. peat 
depth (m)

obs.SOC 
(kg C m−2)

sim.SOC 
(kg C m−2)

FI-SAR 3 (1.0) 800 2.7 2.0 71–78 77

FI-LAK 2 (0.4) 700 2.3 2.0 71–78 76

US-HEA 4 (2.1) 800 0.35–0.45 1.5 19–31 35

US-BZF 2 (0.4) 800 1–2 1.5 - 53

RU-CHE 3 (1.0) 8000 0.2–0.4 0.7 12–24 24

US-BES 0 (0.0) 2000 1 1.5 16–31 34

Note: The number of dry peat layers (and corresponding thickness in cm) was included to increase goodness of fit between simulated and observed 
soil temperature, which does not influence the actual WT or soil moisture. Simulated peat depth and SOC are from the corresponding observation 
years for comparison to the observations, and may differ over the simulation years. The amount of SOC was simulated by adjusting the number of 
spin-up years, that is, SOC accumulation years.
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a s i n ( E ki ci et al., 2 0 1 4 ). T h e s e dr y p e at l a y er s w er e d e c o u pl e d fr o m 

t h e s oil h y dr ol o g y m o d ul e a n d o nl y u s e d f or si m ul ati n g s oil t e m p er a-

t ur e pr ofil e s. T h e n u m b er of dr y p e at l a y er s w a s o pti mi z e d f or e a c h 

sit e  b y  mi ni mi zi n g  t h e  r o ot  m e a n  s q u ar e d  err or  ( R M S E)  a n d  N a s h-

S ut cliff e m o d el effi ci e n c y c o effi ci e nt ( M E F) fr o m t h e o b s er v e d s oil 

t e m p er at ur e s ( s h o w n i n T a bl e 2  a n d Fi g ur e S 2 ).

W e c ali br at e d t h e k e y p ar a m et er s t h at ar e a s s o ci at e d wit h C O 2

a n d C H 4  fl u x e s t o si m ul at e sit e-s p e cifi c fl u x e s of t h e c o ntr ol tr e at -

m e nt  ( T a bl e 3 ).  T h u s,  t h e  diff er e n c e s  i n  C  fl u x e s  b et w e e n  c o ntr ol 

a n d dr y tr e at m e nt s ar e dri v e n b y t h e pr e s cri b e d W T of e a c h tr e at-

m e nt a n d m o d el p ar a m et er s t h at c h a n g e b y s oil m oi st ur e. F or G P P, 

t h e V c m a x   at  2 5 ° C  ( m a xi m u m  c ar b o x yl ati o n  r at e  i n  p h ot o s y nt h e si s 

at 2 5 ° C; d ef a ult 4 0  μ m ol  m − 2 s − 1  [ Qi u et al., 2 0 1 8 ]) w a s c ali br at e d. I n 

d ef a ult s et ti n g, G P P d e cr e a s e s wit h d e cr e a si n g s oil m oi st ur e a v ail -

a bilit y.  H o w e v er,  s o m e  pl a nt s  c a n  p h ot o s y nt h e si z e  m or e  a cti v el y 

u n d er  dr y  c o n diti o n  ( S ul m a n  et  al., 2 0 1 0 ).  I n  a d diti o n,  s o m e  sit e s 

( e. g., R U-C H E) s h o w e d si g nifi c a nt c h a n g e s i n v e g et ati o n c o m m u ni -

ti e s d u e t o dr yi n g, wit h gr e at er s hr u b a b u n d a n c e ( K w o n et al., 2 0 1 6 ) 

a n d G P P ( Kit tl er et al., 2 0 1 6 ). I n cr e a si n g s hr u b a b u n d a n c e i s of t e n 

o b s er v e d  i n  dr yi n g  n or t h er n  p e atl a n d s  u nl e s s  t all er  tr e e s  o ut c o m-

p et e t h e m f or li g ht ( H arri s et al., 2 0 2 0 ; L ai h o et al., 2 0 0 3 ; M ur p h y 

et  al., 2 0 0 9 ).  T o  t e st  t h e  eff e ct s  of  i n cr e a s e d  p h ot o s y nt h eti c  r at e s 

o n fl u x a n d st o c k c h a n g e wit h or wit h o ut c o m p o siti o n c h a n g e s, w e 

a d diti o n all y r a n si m ul ati o n s wit h t h e i n cr e a s e d V c m a x  at 2 5 ° C b y 1 0 % 

t o mi mi c i n cr e a s e d pl a nt pr o d u cti vit y. T h e p h e n ol o g y w a s s el e ct e d 

b et w e e n C 3  gr a s s e s a n d C3  gr a s s e s +  m o s s e s b y mi ni mi zi n g err or s 

( R M S E a n d M E F) b et w e e n si m ul ati o n s a n d o b s er v ati o n s. P h e n ol o g y 

d et er mi n e s t h e o n s et ti m e of p h ot o s y nt h e si s, wit h t h e e arli er o n s et 

w h e n m o s s e s ar e pr e s e nt, a s t h e y c a n p h ot o s y nt h e si z e at l o w er t e m-

p er at ur e a n d l o w er li g ht l e v el t h a n C 3  gr a s s e s ( At a n a si u, 1 9 7 1 ). T h e 

gr o wi n g d e gr e e d a y s ( G D D) t hr e s h ol d f or t h e o n s et of C 3  gr a s s p h o-

t o s y nt h e si s i s c al c ul at e d u si n g

w h er e  t e m p  i s  t h e  a v er a g e  air  t e m p er at ur e  of  t h e  p a st  3  y e ar s.  T h e 

c o effi ci e nt s of E q u ati o n (1 ) ar e c ali br at e d gl o b all y f or diff er e nt v e g e-

t ati o n t y p e s ( B ott a et al., 2 0 0 0 ; Kri n n er et al., 2 0 0 5 ). E arli er o n s et of 

p h ot o s y nt h e si s  f or  C 3   gr a s s e s +  m o s s e s i s a c hi e v e d b y r e d u ci n g t h e 

t hr e s h ol d of G D D u si n g

w hi c h i s c ali br at e d b y G P P o b s er v ati o n s i n 1 9 n ort h er n p e atl a n d s ( Qi u 

et al., 2 0 1 8 ). Diff er e nt fr o m t h e d ef a ult s etti n g of r e s pir ati o n ( C O2  pr o-

d u cti o n) c ut off b el o w − 1° C, w e all o w e d a c o nti n u o u s C O 2  r e s pir ati o n 

at s u b- z er o t e m p er at ur e s, wit h t h e t e m p er at ur e c o ntr ol o n r e s pir ati o n 

u si n g.

a s  n o n- gr o wi n g  s e a s o n  r e s pir ati o n  c a n  b e  c o n si d er a bl e  ( N at ali 

et al., 2 0 1 9 ).

T h e a m o u nt of p l a nt- m e di at e d C H 4  t r a n s p or t w a s c al c ul at e d af t e r 

s u btr a cti n g t h e fi x e d fr a cti o n of m et h a n otr o p h y at r o ot s ( mr o x i n t h e 

e q u ati o n 9 i n S al m o n et al. ( 2 0 2 1 )) i n t h e ori gi n al m o d el. I n st e a d, w e 

e x cl u d e d t h e m et h a n otr o p h y ( mr o x) t er m i n t h e pl a nt- m e di at e d C H 4

tr a n s p or t e q u ati o n b ut u s e d mr o x a s t h e a m o u nt of o x y g e n pr o vi d e d 

i nt o s oil t hr o u g h r o ot s, a n d l et it o xi di z e C H4  d uri n g t h e m et h a n ot-

r o p h y pr o c e s s i n s oil s, si mil ar t o M or el et al. (2 0 1 9 ). T hi s all o w e d t h e 

a m o u nt  of  pl a nt- m e di at e d  C H 4  tr a n s p or t d e c o u pl e d fr o m m et h a n-

otr o p h y i n s oil s. T h e n, si x p ar a m et er s w er e o pti mi z e d t ar g eti n g t h e 

b e st fit t o t h e o b s er v e d C H 4  e mi s si o n s of c o ntr ol tr e at m e nt of e a c h 

sit e  u si n g  t h e  O R C HI D E E  D at a  A s si mil ati o n  S y st e m s  ( O R C HI D A S; 

B a stri k o v et al. ( 2 0 1 8 ); ht t p s: // or c hi d a s.l s c e.i p sl.fr / ). D ail y C H4  e mi s-

si o n s of gr o wi n g s e a s o n w er e li n e arl y i nt er p ol at e d f or d a y s wit h o ut 

o b s er v ati o n s,  a n d  t h e  e arli e st  (l at e st)  o b s er v ati o n s  of  e a c h  y e ar 

w er e u s e d f or C H 4  e mi s si o n s b ef or e ( af t er) t h e fir st (l a st) o b s er v a-

ti o n  of  t h at  y e ar.  Wit hi n  t h e  O R C HI D A S  fr a m e w or k,  w e  u s e d  t h e 

g e n eti c al g orit h m ( G ol d b er g & H oll a n d, 1 9 8 8 ; H a u pt & H a u pt, 2 0 0 4 ) 

t o  fi n d  t h e  b e st  s et  of  p ar a m et er s  wit hi n  t h e  d efi n e d  b o u n d ar y  of 

e a c h p ar a m et er. T hi s st o c h a sti c al g orit h m i s a gl o b al r a n d o m s e ar c h 

m et h o d  b a s e d  o n  t h e  pri n ci pl e s  of  g e n eti c s  a n d  n at ur al  s el e cti o n, 

a n d  w a s  f o u n d  i n  B a stri k o v  et  al. ( 2 0 1 8 )  t o  o ut p er f or m  tr a diti o n al 

( 1)G D D t h r e s h ol d = 3 2 0 + 6. 2 5 ⋅ t e m p + 3. 1 2 5 ⋅ 1 0 − 2 ⋅ t e m p2

( 2)
G D D t h r e s h ol d =

1. 9 3 ⋅ 1 0 5

1 + e
− 8, 1 3 ⋅1 0 − 2 ⋅(t e m p− 8 7. 8 7 )

( 3)T e m p e r at u r e c o nt r ol = e
0. 6 9 ∗ s oil t e m p e r at u r e − 3 0

1 0 ,  m a x = 1

T A B L E  3   P ar a m et er s et s f or e a c h sit e f or fit ti n g C O 2  a n d C H4  fl u x e s: V c m a x  at 2 5 ° C ( m a xi m u m c ar b o x yl ati o n r at e i n p h ot o s y nt h e si s 

at 2 5 ° C), k  ( m et h a n o g e n e si s r at e r el ati v e t o t h e o xi c d e c o m p o siti o n), k M T  (t ur n o v er ti m e of m et h a n otr o p h y), t v e g (t h e a m o u nt of C H4
tr a n s p or t e d t hr o u g h a er e n c h y m at o u s pl a nt s), mr o x (t h e a m o u nt of o x y g e n pr o vi d e d i nt o s oil t hr o u g h r o ot s), m xr (t h e mi xi n g r ati o of C H 4  i n 

b u b bl e s i n s oil s), a n d w si z e (t h e e x t e nt of t h e c o n n e ct e d n et w or k of w at er-fill e d p or e s)

Sit e

V c m a x

(μ m ol  m − 2 s − 1 ) P h e n ol o g y

k  (r ati o t o o xi c 

d e c o m p o siti o n) k M T  ( s) t v e g m r o x

m x r 

(fr a c ti o n)

w si z e 

( m)

FI- S A R 4 0 C 3 +   m o s s 4. 9 2 1 2 9, 0 4 7 0. 1 0 1. 3 0 0. 0 5 0. 4 9

FI- L A K 4 0 C 3 +   m o s s 4. 5 6 8 6, 4 0 0 0. 2 5 1. 0 3 0. 0 7 0. 4 8

U S- H E A 4 0 C 3 9. 8 2 1 5 3, 1 2 7 0. 4 1 0. 3 9 0. 5 2 0. 2 4

U S- B Z F 4 5 C 3 6. 6 5 8 6, 4 0 0 1. 3 0 0. 5 0. 2 0 0. 3 8

R U- C H E 4 0 C 3 1. 0 2 9 7, 6 9 5 2. 2 3 1. 0 7 0. 1 1 0. 4 1

U S- B E S 4 0 C 3 +   m o s s 2. 0 0 1 6 1, 4 7 2 3. 7 1 0. 7 0 0. 3 9 0. 0 5

N ot e : T h e p ar a m et er s r el at e d t o C H4  pr o c e s s e s ar e o pti mi z e d u si n g t h e O R C HI D A S.

https://orchidas.lsce.ipsl.fr/
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https://vesg.ipsl.upmc.fr/thredds/catalog/work/p529viov/cruncep/V8_1901_2016/catalog.html
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for both NEE (average RMSE: 1.04 g C–CO2 m−2 day−1 and MEF: 
−0.36, Table S1 and Figures 1, 2 and Figure S3) and CH4 (average 
RMSE: 0.03 g CH4 m−2 day−1 and MEF: −8.27, Table S1; Figures 1, 2
and Figure S3) for control and drying treatments (for NEE, average 
RMSE: 1.20 g C–CO2 m−2 day−1 and MEF: −2.05; for CH4, average 

RMSE: 0.03 g CH4 m−2 day−1 and MEF: −2.84, Table S1; Figures 1, 2
and Figure S3). The model was calibrated using observations from 
control treatments, and similar model performance for the drying 
treatment implies that the model can capture the response of C 
flux to WT variations well (Tables S1 and S2). Fluxes of some sites 

F I G U R E  1  Comparison of NEE (a, e), CH4 (b, f), Reco (c, g), and GPP (d, h) between the model simulations (X-axis) and the observations (Y-
axis) for control (a–d) and dry (e–h) treatments after the calibration for each site. Lines are drawn for 1:1 comparisons (solid) and regressions 
(dashed). Asterisks next to the site name indicate non-permafrost peatlands.
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showed opposite differences between the simulated and observed 
dynamics. For example, in the case of US-BZF, drying reduced CH4

emissions in simulations but the observed data showed increases in 

CH4 emissions. These differences were related to measurements 
being made at multiple plots with high heterogeneity. Across most 
sites and fluxes model errors were due to seasonal patterns rather 

F I G U R E  2  Taylor diagrams of daily NEE (a), CH4 (b), Reco (c), and GPP (d) using model simulations and observations for control and dry 
treatments. Asterisks next to the site name indicate non-permafrost peatlands.

F I G U R E  3  The response of NEE (a) and CH4 (b) fluxes to sequential drying by 5, 10, 20, and 50 cm (filled circles) starting from the initial 
WT of control treatment (unfilled circles; highest WT of each site). Points and error bars represent the averages and standard deviations of 
annual WT and C fluxes for 100-year simulations of each site (color). The exponential lines were fitted for NEE and CH4. Positive values of 
WT denote WT above the soil surface. Asterisks next to the site name indicate non-permafrost peatlands.



    |  9K W O N e t a l .

t h a n  m a g nit u d e,  a s  i nf err e d  fr o m  l ar g er  L C S  t h a n  S D S D  ( T a bl e S 1 ; 

Fi g ur e s 1,  2   a n d  Fi g ur e S 3 ).  T h e  dr yi n g  tr e at m e nt  ( d e e p er  W T)  of 

R U- C H E s h o w e d t h at err or s fr o m m a g nit u d e w er e l ar g er t h a n t h o s e 

fr o m t h e s e a s o n alit y f or C O2  fl u x e s, w h er e dr yi n g d e cr e a s e d G P P i n 

si m ul ati o n  b ut  i n cr e a s e d  G P P  i n  o b s er v ati o n s.  Wit h  a  g o o d  a gr e e-

m e nt  b et w e e n  si m ul ati o n s  a n d  o b s er v ati o n s,  w e  d e s cri b e d  t h e  r e-

s ult s b a s e d o n t h e si m ul ati o n s fr o m h er e.

3. 2   |   R e s p o n s e of C fl u x e s t o dr yi n g

Wit h t h e i niti al W T of t h e c o ntr ol tr e at m e nt ( si m ul ati o n d uri n g t h e 

o b s er v ati o n y e ar s), N E E r a n g e d fr o m − 1 3 3  g C – C O 2  m− 2 y e ar − 1  ( U S-

B Z F) t o − 2 1  g C – C O 2  m− 2 y e ar − 1  ( U S-B E S; Fi g ur e 5 a ). A cr o s s all sit e s 

dr yi n g r e d u c e d t h e n et C O 2  u pt a k e (i. e., l e s s n e g ati v e N E E) b y 1 6  g 

C – C O 2  m− 2 y e ar − 1  o n a v er a g e, wit h t h e s m all e st u pt a k e d e cr e a s e i n 

U S- H E A  b y  1  g  C – C O 2  m − 2 y e ar − 1  ( wit h t h e s m all e st dr yi n g i nt e n-

sit y)  a n d  t h e  l ar g e st  u pt a k e  d e cr e a s e  i n  R U- C H E  b y  5 0  g  C – C O 2

m − 2 y e ar − 1  ( wit h t h e l ar g e st dr yi n g i nt e n sit y). T h e c h a n g e i n N E E w a s 

dri v e n pri m aril y b y r e d u c e d G P P ( 1 1  g C – C O 2  m− 2 y e ar − 1  o n a v er a g e) 

a n d  i n cr e a s e d R e c o   ( 5  g  C –C O 2  m − 2 y e ar − 1   o n  a v er a g e).  T h e  a n n u al 

C H 4  e mi s si o n s w er e l ar g e st at U S- B Z F ( 1 9  g C –C H 4  m− 2 y e ar − 1 ) a n d 

s m all e st  at  U S- H E A  ( 0. 1  g  C – C H 4  m− 2 y e ar − 1 )  f or  t h e  c o ntr ol  tr e at-

m e nt ( Fi g ur e 5 b ). C H4  e mi s si o n s d e cr e a s e d b y 2  g C –C H 4  m− 2 y e ar − 1

o n a v er a g e d u e t o t h e dr yi n g tr e at m e nt, wit h t h e s m all e st d e cr e a s e 

i n U S- H E A b y 0. 0 0 3  g C –C H 4  m− 2 y e ar − 1  a n d t h e l ar g e st d e cr e a s e i n 

R U- C H E b y 5  g C – C H 4  m− 2 y e ar − 1 .

T h e  dr yi n g  i nt e n sit y  ( c h a n g e  i n  W T)  a n d  t h e  n u m b er  of  y e ar s 

si n c e t h e st ar t of t h e dr ai n a g e diff er e d a m o n g sit e s. T o a n al y z e t h e 

C  fl u x  s e n siti vit y  t o  dr yi n g  b y  sit e,  w e  c o m p ar e d  C  fl u x  r e s p o n s e s 

t o s e q u e nti al d e cr e a s e of t h e W T b y 5, 1 0, 2 0, a n d 5 0  c m c o m p ar e d 

t o t h e c o ntr ol si m ul ati o n. A s W T dr a w s d o w n, n et C O 2  u pt a k e d e-

cr e a s e d ( Fi g ur e 3 a ).  T hi s  d e cr e a s e d  u pt a k e  w a s  dri v e n  b ot h  b y  r e-

d u c e d G P P a n d i n cr e a s e d R e c o  ( Fi g ur e S 4 ). T h e r e s p o n s e of N E E t o 

a c h a n g e of t h e W T w a s l ar g e w h e n t h e i niti al W T w a s cl o s e t o t h e 

s oil s ur f a c e, a n d i n si g nifi c a nt a n d al m o st li n e ar w h e n t h e i niti al W T 

w a s b el o w 1 0  c m ( Fi g ur e 3 a  a n d Fi g ur e S 4 ). T h e a v er a g e d e cr e a s e i n 

t h e C O2  si n k w a s 1 3 ±   1 5  g C –C O 2  m− 2 y e ar − 1  wit h 1 0  c m d e cr e a s e i n 

W T, r a n gi n g fr o m 0 t o 3 6  g C – C O 2  m− 2 y e ar − 1 . A si mil ar r e s p o n s e w a s 

f o u n d  f or  C H4   e mi s si o n s.  T h e y  d e cr e a s e d  s h ar pl y  w h e n  t h e  i niti al 

W T w a s cl o s e t o z er o c m b ut s h o w e d n e gli gi bl e c h a n g e s w h e n t h e 

i niti al W T w a s b el o w 1 0  c m (Fi g ur e 3 b  a n d Fi g ur e S 4 ). T h e a v er a g e 

d e cr e a s e i n t h e C H 4  e mi s si o n s d u e t o 1 0  c m l o w er W T c m w a s 4 ±   4  g 

C H 4  m− 2 y e ar − 1   wit h  t h e  r a n g e  b et w e e n  0  a n d  9  g  C H4  m− 2 y e ar − 1 . 

T h e s e  r e s p o n s e s  w er e  m o stl y  dri v e n  b y  r e d u c e d  C H 4   pr o d u cti o n 

a n d  C H 4  tr a n s p or t b y pl a nt s, w hil e C H4   o xi d ati o n  w a s  d e cr e a s e d 

( U S-H E A, R U- C H E, a n d U S- B E S), i n cr e a s e d ( FI- S A R a n d FI- L A K), or 

u n c h a n g e d ( U S- B Z F) wit h l o w er e d W T ( Fi g ur e S 5 ).

P er m afr o st p e atl a n d s s h o w e d s m all er n et C O 2  u pt a k e a n d l o w er 

C H 4  e mi s si o n s c o m p ar e d t o t h e n o n-p er m afr o st p e atl a n d s ( Fi g ur e 3 ; 

n ot e  t h at  *  i n di c at e s  n o n- p er m afr o st  sit e s),  w hi c h  w a s  al s o  r e pr e-

s e nt e d b y l ar g er a n d s m all er c o effi ci e nt v al u e s of ‘ a’ of t h e e x p o n e n -

ti al  fit s  f or  N E E  a n d  C H 4 , r e s p e c ti v el y ( Fi g ur e S 6 ).  D e s pit e  s m all er 

n et C O 2  u pt a k e d u e t o dr yi n g, t h e a v er a g e N E E r e m ai n e d n e g ati v e 

d uri n g  t h e  1 0 0  y e ar s  of  si m ul ati o n,  i n di c ati n g  t h e  p er si st e n c e  of 

p e atl a n d C si n k s, e v e n u n d er dri er c o n diti o n s. T w o p er m afr o st u n-

d erl ai n p e atl a n d s ( R U- C H E  a n d  U S- B E S),  w hi c h  s h o w  l o w  n et  C O 2

u pt a k e d u e t o t h e e xi st e n c e of p er m afr o st a n d l ar g e r e s p o n s e t o dr y-

i n g d u e t o hi g h i niti al W T, s h o w e d n et C O2  e mi s si o n i n s o m e y e ar s 

(Fi g ur e 3 a ), i n di c ati n g r e d u c e d C si n k s a n d t h e p ot e nti al s wit c h t o C 

s o ur c e s.

3. 3   |   C ar b o n st o c k c h a n g e s d u e t o dr yi n g

Alt h o u g h C H 4  e mi s si o n s d e cr e a s e d i n r e s p o n s e t o dr yi n g, l ar g er d e-

cr e a s e s i n n et C O 2  u pt a k e (l e s s n e g ati v e N E E) r e s ult e d i n l o w er s oil 

C st o c k s c o m p ar e d t o t h e c o ntr ol ( Fi g ur e 4 a, b ). W h e n s u bj e ct e d t o 

a l o w er e d W T b y 1 0  c m, p e atl a n d s still a c c u m ul at e C b ut t h e r at e of 

a c c u m ul ati o n i s l o w er b y 0. 2  ±   0. 2  k g  C  m− 2  o v er 1 0 0  y e ar s. W e f o u n d 

t h at m o st of t hi s r e d u cti o n i n C a c c u m ul ati o n c a m e fr o m t h e a cti v e 

(l a bil e) C p o ol (Fi g ur e 4 d ). L ar g er d e cr e a s e s i n t h e a cti v e C p o ol a n d 

C st o c k w er e o b s er v e d i n U S- B Z F a n d R U- C H E, w h er e t h e i niti al W T 

i s cl o s e t o 0 a n d t h e N E E r e s p o n s e t o dr yi n g w a s str o n g er t h a n at 

ot h er sit e s ( Fi g ur e 4 a, b ). T h e m o st  si g nifi c a nt  r e d u cti o n i n C st o c k 

( o v er  2  k g  C  m− 2 )  w a s  o b s er v e d  at  U S- B Z F  wit h  5 0  c m  l o w er  W T, 

w h er e p er m afr o st d o e s n ot e xi st ( Fi g ur e 4 a ). I n cr e a si n g p h ot o s y n-

t h eti c u pt a k e d u e t o dr yi n g (i n cr e a si n g V c m a x 2 5  b y 1 0 %) r e d u c e d t h e 

diff er e n c e s i n G P P b et w e e n si m ul ati o n a n d o b s er v ati o n at U S- B Z F 

a n d R U- C H E, w h er e dr yi n g i n cr e a s e d G P P ( T a bl e S 2 ). B e c a u s e of t h e 

l ar g er  C  i n p ut  t o  s oil,  i n cr e a s e d  G P P  i n cr e a s e d  C  st o c k  c o m p ar e d 

t o t h e c o ntr ol tr e at m e nt i n m o st sit e s ( Fi g ur e 4 c ), o ut-c o m p e n s ati n g 

t h e C l o s s b y dr yi n g. H o w e v er, it w a s n ot t h e c a s e f or U S- B Z F w h e n 

dri e d b y > 1 0  c m, t h at a d diti o n al C i n p ut d u e t o i n cr e a s e d pr o d u cti v-

it y w a s n ot e n o u g h t o off s et e n h a n c e d R h .

3. 4   |   N et G H G b al a n c e c h a n g e

W h e n c o m p ari n g C fl u x e s b et w e e n c o ntr ol a n d a l o w er W T b y 1 0  c m 

o v er 1 0 0  y e ar s, dr yi n g r e d u c e d n et C O 2  u pt a k e (Fi g ur e 5 a, d ), b ut d e-

cr e a s e d C H 4  e mi s si o n s (Fi g ur e 5 b, e ). T h e s e c o ntr a sti n g eff e ct s ar e 

c o m bi n e d u si n g G W P *, wit h t h e f oll o wi n g p at t er n s o b s er v e d a cr o s s 

t h e st u d y sit e s: c o ntr ol tr e at m e nt s of U S- B Z F a n d R U- C H E a ct e d a s 

n et  C O 2- e q   s o ur c e s,  FI-S A R,  U S- H E A,  a n d  U S- B E S  a s  C O 2- e q   si n k s, 

a n d  FI- L A K  s wit c h e d  fr o m  a  C O 2- e q   s o ur c e  t o  si n k  af t er  5 0  y e ar s 

(Fi g ur e 5 c ).  L o w eri n g  t h e  W T  b y  1 0  c m  r e d u c e d  C O2- e q   e mi s si o n s 

b y  3 1 0  ±   3 6 0  g  C O2- e q  m − 2 y e ar − 1  b e c a u s e r e d u c e d C H4   e mi s si o n s 

pl a y e d  a  l ar g er  r ol e  t h a n  t h e  r e d u c e d  C O 2  u pt a k e (Fi g ur e 5f ).  It  i s 

n ot e w or t h y t h at w h e n t h e i niti al C H 4  e mi s si o n r at e s w er e hi g h, a s i n 

t h e c a s e of U S- B Z F, t h e p e atl a n d still a ct e d a s a n et C O 2- e q  s o ur c e 

af t er dr yi n g ( Fi g ur e 5 c ). P e atl a n d s t h at h a d t h e i niti al W T cl o s e t o t h e 

s oil s ur f a c e s h o w e d l ar g er r e s p o n s e s t h a n t h o s e t h at e x p eri e n c e d a 

l o w er W T (Fi g ur e 5 ). Si mil ar tr e n d s w er e s h o w n f or dr yi n g b y 5  c m 

a n d 2 0  c m, b ut w e o b s er v e d s m all er r e d u cti o n s i n C O 2- e q  e mi s si o n s 

wit h s m all er dr yi n g i nt e n sit y ( Fi g ur e S 7 ).
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4  |  DISCUSSION

4.1  |  Responses of CO2 and CH4 fluxes to drying

Carbon sequestration and storage is one of the vital climate 
regulating services provided by peatlands; however, the C stor-
age capacity of peatlands may be greatly altered under chang-
ing climatic conditions. We showed that drying of peatlands by 
lowering WT resulted in less C sequestration. First, lowered WT 
decreased C input into soil, due to reduced photosynthetic activ-
ity (i.e., GPP) under decreased water availability in shallow soil 
layers, where most roots exist. This response can be, however, 
different depending upon plant species. For example, vascular 
plants show higher productivity with lowered WT, while mosses 
show lower productivity (Sulman et al., 2010). In addition to the 
instant responses of GPP to WT variations, plant composition 
can shift (Breeuwer et al., 2009; Potvin et al., 2015) and GPP 
may decrease (Churchill et al., 2014; McPartland et al., 2019) or 
increase (Kittler et al., 2016) when WT in peatlands persistently 
lowers. Increasing productivity due to drying can compensate 
the C loss, but may not be enough under intense drying as shown 
in Figure 4c.

In addition to reduced photosynthesis, peatland drying gen-
erally increased peat C loss through heterotrophic respiration 
(Rh) despite decreased autotrophic respiration (Ra) offsetting this 
change. Respiration rates are higher under aerobic conditions 

compared to water-saturated conditions (Moyano et al., 2013), 
and this mechanistic relationship is well represented in the model. 
Although drying did not significantly affect soil temperatures in 
the simulation, drying reduced deep soil temperature at US-HEA 
and RU-CHE in the observations because of insulation effects of 
drier peat at the surface (Kwon et al., 2019). This implies that the 
respiration response of deep soil layers to drying can be limited as 
compared to the surface soil layers. The combined effects of dry-
ing on GPP and Reco, thus the direction of C gain or loss, are largely 
dependent on the response of the plant productivity to drying, as 
shown in the reversed C stock change with the increased produc-
tivity in most sites (Figure 4a,c). The initial WT also plays a role 
that higher initial WT with a large proportion of labile C can show 
a stronger Rh response to drying, driving the net CO2 response 
toward a larger loss.

In contrast to the reduced net CO2 uptake following peat-
land drying, CH4 emissions decreased with lowered WT with 
similar decreasing rates to those of the previous studies (Evans 
et al., 2021; Huang et al., 2021; Kuhn et al., 2021; Nykänen 
et al., 1998; Olefeldt et al., 2013). This exponential decrease with 
lower WT (Figure 3b) can be attributed to thinner anaerobic peat 
layers at deep soil layers and thicker aerobic peat layers at the 
surface (Kuhn et al., 2021; Kwon et al., 2017; Olefeldt et al., 2013). 
Although atmospheric CH4 can be oxidized in top soils by high-
affinity methanotrophs, thereby reducing net CH4 emission to 
the atmosphere (Oh et al., 2020), the response of CH4 emissions 

F I G U R E  4  Carbon stock change due to decreasing WT by 5, 10, 20, and 50 cm compared to the control treatment. Total C change (a), 
total C change in % (b), total C change when Vcmax25 is increased by 10% (c), and C change by pool (d). Negative (positive) values represent 
C loss (gain) or smaller (larger) C accumulation compared to the control treatment. Positive values of WT denote WT above the soil surface. 
Asterisks next to the site name indicate non-permafrost peatlands.
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t o W T w a s l a r g el y d ri v e n b y C H 4  p r o d u c ti o n b e c a u s e m o s t C H4

i s  o xi di z e d  b y  l o w - af fi ni t y  m e t h a n ot r o p h s  w h e n  a b u n d a nt  C H4

e xi s t s i n p e a t s oil s ( K w o n e t al., 2 0 1 7 , 2 0 2 1 ). T h e i ni ti al W T, t h u s, 

l a r g el y af f e c t e d C H4  e mi s si o n s t h r o u g h t h e r at e of m e t h a n o g e n-

e si s ( a e r o bi c r e s pi r ati o n t o m e t h a n o g e n e si s r ati o; k ) a n d m e t h a-

n ot r o p h y ( k M T ; t u r n o v e r ti m e of m e t h a n ot r o p h y; Fi g u r e S 8 ). F o r 

e x a m pl e,  a  l o w  r ati o  of  a e r o bi c  r e s pi r ati o n  t o  m e t h a n o g e n e si s 

( s m all e r k ; hi g h e r C H4  p r o d u c ti o n p ot e nti al) i n R U -C H E a n d U S -

B E S c o m p a r e d t o ot h e r si t e s c a n b e at t ri b u t e d t o hi g h e r a v e r a g e 

W T a n d s m all e r t e m p o r al v a ri ati o n s ( Fi g u r e S 1 ), w hi c h k e p t t h e 

s oil m o r e a n a e r o bi c t h a n ot h e r si t e s. T h e v a ri ati o n s i n t h e s e o p -

ti mi z e d  p a r a m e t e r s  a m o n g  si t e s  m a y  r e p r e s e nt  ot h e r  e n vi r o n -

m e nt al s t at u s t h at t h e m o d el d o e s n ot i n cl u d e, s u c h a s s u b s t r at e 

s t at u s ( C h a n g e t al., 2 0 2 0 ; R o y C h o w d h u r y e t al., 2 0 2 1 ).

4. 2   |   V ari ati o n s i n s e n siti vit y t o dr yi n g

T h e  fl u x e s  of  C O 2  a n d C H4   w e r e  s e n siti v e  t o  d r yi n g  w h e n  t h e 

i niti al  W T  w a s  cl o s e  t o  0.  U nl e s s  t h e r e  h a d  b e e n  a n  a b r u pt  h y-

d r ol o gi c al  c h a n g e  b ef o r e  t h e  o b s e r v ati o n s,  t h e  c u r r e nt  W T  c a n 

b e r e p r e s e nt e d a s t h e l o n g- t e r m W T. W at e r- s at u r at e d p e atl a n d s, 

w hi c h  a r e  l e s s  e x p o s e d  t o  a e r o bi c  c o n diti o n s,  h a v e  a  l a r g e  f r a c -

ti o n  of  p a r ti all y  d e c o m p o s e d  C  i n  t h e  t o p s oil  c o m p a r e d  t o  p e at-

l a n d s wit h l o w e r W T, t h e t o p s oil of w hi c h h a s alr e a d y b e e n l a r g el y 

d e c o m p o s e d.  T h u s,  a  l a r g e  f r a c ti o n  of  r e m ai ni n g  l a bil e  C  c a n  b e 

r a pi dl y d e c o m p o s e d t o C O 2  i n s t e a d of C H4  w h e n W T l o w e r s, t h u s 

s h o wi n g  a  s t r o n g e r  d r yi n g  r e s p o n s e.  N o n - p e r m af r o s t  p e atl a n d 

wit h  hi g h  i niti al  W T  i n  U S - B Z F  s h o w e d  t h e  s t r o n g e s t  r e s p o n s e 

t o d r yi n g u p t o 5 0  c m, wit h > 2  k g  C  m − 2  l e s s C a c c u m ul ati n g o v e r 

F I G U R E 5   C u m ul ati v e C O 2  ( a), C H4  ( b), a n d c o m bi n e d ( c) fl u x c h a n g e o v er 1 0 0  y e ar s f or c o ntr ol ( s oli d) a n d dr y b y 1 0  c m ( d a s h e d) 

tr e at m e nt s. P o siti v e ( n e g ati v e) v al u e s r e pr e s e nt n et e mi s si o n ( u pt a k e) t o (fr o m) t h e at m o s p h er e ( a – c). T h e diff er e n c e s b et w e e n c o ntr ol 

a n d dr y b y 1 0  c m tr e at m e nt s ar e d e pi ct e d i n d –f, wit h p o siti v e v al u e s r e pr e s e nti n g i n cr e a s e d C O 2- e q  e mi s si o n s or d e cr e a s e d C O2- e q  u pt a k e 

c o m p ar e d t o t h e c o ntr ol tr e at m e nt. A st eri s k s n e x t t o t h e sit e n a m e i n di c at e n o n- p er m afr o st p e atl a n d s.
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100 years compared to the initial WT condition. In contrast, peat-
lands with low initial WT may show no or subtle responses to 
drying due to less available labile C in deeper soil layers (Huang 
et al., 2021; Muhr et al., 2011). Larger temperature fluctuations in 
shallow layers compared to deeper layers may contribute to these 
stronger responses (Kwon et al., 2017). Fluctuations in WT can 
also affect the magnitude of the responses: Although the largest 
response was observed in US-BZF because of the combination of 
high WT and a large C stock, temporal lowering of WT resulted in 
a smaller slope change than in RU-CHE (Figure 3 and Figure S6), 
where WT was constantly high.

Permafrost underlain peatlands showed lower CO2 and CH4

fluxes compared to the other sites, as shown in previous studies 
(Kuhn et al., 2021; Olefeldt et al., 2013; Treat et al., 2018). This is 
mainly because permafrost limits the plant rooting depth and pro-
ductivity, subsequently leading to reduced C input to soils, and re-
duced decomposition. However, the responses to drying in terms of 
direction and magnitude were similar between permafrost and non-
permafrost peatlands. Low absolute C fluxes in permafrost peatlands 
affected the variations, leading to almost no response in C fluxes and 
stock to drying in US-HEA, where initial WT is low and the existence 
of permafrost retards deep soil processes. Furthermore, low abso-
lute CO2 fluxes in RU-CHE and US-BES resulted in a temporal switch 
from net CO2 uptake to net CO2 emission in response to drying.

The simulated exponential decrease in CH4 fluxes as a func-
tion of WT was very similar to previous observations in natu-
ral (Huang et al., 2021; Kuhn et al., 2021; Nykänen et al., 1998; 
Olefeldt et al., 2013) and managed peatlands (Evans et al., 2021). 
However, our simulations showed exponentially decreasing NEE to 
near-neutral NEE with lowered WT, in contrast to the linear rela-
tionship between WT and NEE in the managed peatlands of Evans 
et al. (2021). The difference can be attributed to the management 
(harvest): Fens and bogs without harvest hardly showed the net CO2

emissions with low WT, but grasslands and croplands showed net 
CO2 emissions with low WT possibly because of different biogeo-
chemical processes from natural peatlands, for example, disturbance 
and nutrient status (Evans et al., 2021). Nevertheless, we can further 
investigate whether natural peatlands can act as the net CO2 source 
with extremely low WT by including more sites and more years with 
climate variability (Fenner & Freeman, 2011; Qiu et al., 2022).

4.3  |  C stock change and warming effects

Stronger decreases in the net CO2 uptake than decreases in CH4

emission resulted in smaller C accumulation in dry peatlands. Also, 
water-saturated peatlands were more vulnerable to C loss in re-
sponse to drying compared to peatlands with initially lower WT. 
Furthermore, a significant C loss was observed in non-permafrost 
peatlands and a possible switch from C sink to source in permafrost 
peatlands. It is challenging to detect the change in SOC in field ma-
nipulation experiments since the soil C pool changes slowly, but 
we can infer from a large accumulation of C in peatlands that wet 

conditions are favorable for slower turnover and higher C accumula-
tion in soils (Hugelius et al., 2020; MacDonald et al., 2006). Whether 
these C sinks become C sources or not is highly uncertain, but it is 
likely that C sink capacity decreases or even turns into a C source 
(Hugelius et al., 2020), combined with higher risk of peat fire may 
make these C stocks more vulnerable to future warming (Turetsky 
et al., 2011; Witze, 2020). Günther et al. (2020) showed that peat-
land drying has a net warming effect due to larger increases in long-
lived CO2 emission than decreases in short-lived CH4 emission, 
which contrasts with this present study. Günther et al. (2020) used 
emission factors to estimate warming effects, with much larger CO2

emission rates than CH4 in temperate and tropical zones compared 
to the smaller warming effects reported here for the drying response 
of boreal peatlands. As both CO2 and CH4 fluxes are responding 
non-linearly to a lower WT and the relative changes between CO2

and CH4 fluxes differ by site combined with temperature sensitivity 
(Chen et al., 2021), more thorough analyses are needed to quantify 
the compound effects of warming and drying on peatland C.

We did not include climate change other than WT drawdown 
in this study, but WT dynamics are tightly connected with climate 
change. For example, warming itself can increase evapotranspiration 
and warming-induced increases in plant biomass can accelerate this 
change (Helbig et al., 2020), further lowering WT in peatlands. In 
addition, drier peatlands with lower water availability can increase 
sensible heat flux, which can warm lower atmosphere (Göckede 
et al., 2017). Changing precipitation patterns can modify WT of 
peatlands in the local and regional scales (Qiu et al., 2022). Because 
of high uncertainty and large temporal and spatial variations in the 
relationship among temperature, precipitation, and peatland WT, it 
is challenging to forecast the direction and magnitude of C response 
of northern peatlands and their feedback with climate. However, 
studies including climate change predict that northern peatlands will 
reduce their C sink capacity (Chaudhary et al., 2020) or lose C (Treat 
et al., 2021; Wu et al., 2013) especially under strong warming sce-
narios (Chaudhary et al., 2022; Qiu et al., 2022). Although the mag-
nitude of C loss in response to WT changes in our study is less than 
the previously studied temperature and precipitation responses, our 
results indicate that drying may exacerbate C loss due warming of 
northern peatlands.

4.4  |  Limitations and future directions

Despite well simulated fluxes after optimizing the model param-
eters, some processes can be added for further improvement. For 
example, our model does not differentiate peatland types, such as 
fens and bogs, which have distinguishable hydrologic connectivity to 
groundwater and nutrient supply (Charman, 2009). Greater param-
eter value (Vcmax25) for plant productivity in US-BZF (fen) than other 
sites could have represented higher nutrient supply, but different 
seasonality among peatland types may not be captured depending 
on the relative importance of hydrologic connectivity on the C cycle. 
Furthermore, processes in the standing water in fens, such as CH4
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oxidation in the water column (Ward et al., 2020), contribution of 
algae (Kane et al., 2021) and predation (Wyatt et al., 2021), can be 
incorporated.

Our current model has one peatland-representative plant 
functional type and does not distinguish multiple peatland plant 
species, such as sedges, mosses, shrubs, and trees, which can 
respond differently to short-term hydrological changes (Sulman 
et al., 2010), and their potential compositional change following 
long-term hydrological changes (Breeuwer et al., 2009). We did 
not include peatland forestry in this study, but intensive drain-
age that results in significant tree growth can be another aspect 
to consider, which may increase (Krüger et al., 2016; Minkkinen 
et al., 1999; Simola et al., 2012) or decrease (Krüger et al., 2016; 
Minkkinen et al., 1999; Nykänen et al., 2020; Simola et al., 2012) 
soil C but increase plant biomass and total terrestrial C stock 
(Minkkinen et al., 1999). Furthermore, potentially deepening root-
ing depth (priming effects) may accelerate C loss as well in deeper 
soils (Keuper et al., 2020). In addition, our current model has con-
stant peatland surface elevation, although peatland surfaces are 
not static and changes in their physical properties can alter soil 
biogeochemical properties: Persistent dry conditions can change 
the peat properties, such as bulk density, which can subsequently 
influence hydraulic and thermal properties, decomposition rates, 
and plant composition (Kreyling et al., 2021; Nykänen et al., 1998; 
Turetsky et al., 2014). After a substantial portion of the dry peat 
at the surface is decomposed and becomes compact, the sur-
face subsides and the relative WT becomes higher (hydrological 
self-regulation of peatlands; Belyea & Baird, 2006; Dise, 2009; 
Waddington et al., 2015). We prescribed the WT with the ob-
servations (relative to the surface), and short-term responses up 
to the observation point were well simulated. However, without 
dynamic surface elevation (e.g., subsidence) represented in the 
current model, WT drawdown and its effect on the C cycle can 
be overestimated in the long-term especially in non-permafrost 
peatlands (Nijp et al., 2017). This overestimation can be less of a 
concern in permafrost peatlands, because permafrost and ground 
ice block or retard the vertical and lateral water drainage, and per-
mafrost thaw and ground ice melt will remove surface water that 
connects the hydrological feedback process. The intensity of this 
change can be also species specific and can be strong at the sur-
face, where abundant macro-pores exist (McCarter et al., 2020). 
Additional model development to take into account these short 
term and long term as well as aboveground and belowground 
factors could further reduce the uncertainty of the direction and 
magnitude of C stock changes.

With a finely calibrated land surface model with a multilayer 
soil module, we demonstrated decreasing CO2 sink strength and 
CH4 emissions in response to drying, and these responses were 
stronger when initial WT conditions were close to the soil sur-
face. There is limitation in upscaling this response to the whole 
northern peatlands based on the results from only six northern 
peatlands. For example, US-BZF showed the highest CH4 fluxes 
among all six sites of this study, but its CH4 flux rate is comparably 

lower than other northern peatlands (Kuhn et al., 2021) possibly 
because methanogens are outcompeted by reducers of alter-
native electron acceptors (Kane et al., 2013; Rupp et al., 2021). 
Variations in parameters that are associated with methanogen-
esis (k) partially represent redox status, yet such processes can 
be included. Using averaged parameters for the whole region 
can over- or under-estimate fluxes (Qiu et al., 2018; Salmon 
et al., 2021; Treat et al., 2018), or converge to the average 
fluxes. In addition, despite several available peatland/wetland 
maps (Hugelius et al., 2020; Olefeldt et al., 2021; Xu et al., 2018) 
and possible usage of precipitation minus evapotranspiration as 
a proxy of relative WT variations (Gulev et al., 2021), the lack of 
highly heterogeneous local WT data in the northern peatlands 
will not allow us to accurately assess the current responses of 
northern peatlands to changes in water balance. In addition to 
the high uncertainty in the temporal and spatial variations in WT 
depending on climate and anthropogenic activities, permafrost-
thaw-related changes add more complexity to evaluation of 
long-term trends. When excessive ground ice melts, it can in-
duce further hydrological changes (Andresen et al., 2020; Lewis 
et al., 2012; Nitzbon et al., 2020; Rodenhizer et al., 2020). Thus, 
the inclusion of ground ice dynamics and the associated topo-
graphical and hydrological change in the model are essential to 
constrain C flux and stock change in permafrost peatlands (Cai 
et al., 2020; O'Neill et al., 2019).

Although peatland drying reduced the net CO2-eq fluxes, it de-
creased C accumulation, which is one of the crucial functions of 
northern peatlands. In particular, peatlands with a high WT are 
more vulnerable to C loss, including a large potential C loss in non-
permafrost peatlands and a possible switch from C sink to source 
in permafrost peatlands. Human-induced drainage can be avoided 
to reduce this C loss, but climate-driven peatland drying, including 
permafrost-thaw related drying, cannot be prevented without strong 
climate change mitigation. Furthermore, re-wetting does not neces-
sarily restore peatlands to pre-drying conditions (Harris et al., 2020; 
Kreyling et al., 2021), and the intact wet conditions are critical for 
maximizing C storing function of peatlands.
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