
1.  Introduction
A significant fraction of the carbon fixed in terrestrial ecosystems is exported to streams as dissolved carbon diox-
ide (CO2), methane (CH4), dissolved organic matter, and particulate organic matter (Aufdenkampe et al., 2011). 
Rivers represent important landscape control points (sensu Bernhardt et  al.,  2017) by both actively mineral-
izing terrestrial organic matter and respiring it as CO2 and CH4 (Hotchkiss et  al.,  2015) and by transporting 
and degassing CO2 and CH4 from the terrestrial environment. Gaseous C emissions from freshwater ecosys-
tems are increasingly recognized as an important component of regional and global carbon cycles, considerably 
offsetting estimates of terrestrial carbon sequestration (Battin et al., 2009; Holgerson & Raymond, 2016; J. Cole 
et al., 2007) and contributing to atmospheric forcing (Quick et al., 2019; Raymond et al., 2013).

Despite their importance for global climate forcing, estimates of GHG concentrations and fluxes in streams are 
still poorly constrained, in part due to high spatial and temporal variability. Many physical (Crawford et al., 2013; 
Lupon et al., 2019) and chemical (Schade et al., 2016) drivers have been shown to underly this variability, while 
studies that incorporate ecosystem metabolic cycling as a driver are less common (Crawford et al., 2014). It has 
been widely assumed that aquatic production of greenhouse gases (GHGs) is likely to be important only in large 
rivers (J. J. Cole & Caraco, 2001; Vannote et al., 1980) due to the higher connectivity of headwaters to terres-

Abstract  Freshwater ecosystems are globally significant sources of greenhouse gases (GHGs) to the 
atmosphere. Previous work has indicated that GHG flux in headwater streams is dominated by terrestrially 
derived gases, with in situ production limited by short organic matter residence times and high dissolved 
oxygen concentrations due to turbulent reaeration. However, low-gradient headwater streams that contain pool 
structures with longer residence times may be conducive to the in situ production of GHG. These streams, and 
the longitudinal heterogeneity therein, are seldom studied. We measured continuous ecosystem metabolism 
alongside concentrations and fluxes of carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) in 
a low-gradient third order stream in the North Carolina Piedmont. From autumn to the following spring, 
we characterized spatial and temporal patterns of GHG along an 8 km segment in the context of channel 
geomorphology, hydrology, and ecosystem metabolic rates using linear mixed effects models. We found that 
stream metabolism was responsible for most of the CO2 flux over this period, and that in-channel aerobic 
metabolism was a primary predictor of both CH4 and N2O fluxes as well. Long water residence times, limited 
reaeration, and substantial organic matter from terrestrial inputs foster conditions conducive to the in-stream 
accumulation of CO2 and CH4 from microbial respiration. Streams like this one are common in landscapes with 
low topographic relief, making it likely that the high contribution of instream metabolism to GHG fluxes that 
we observed is a widespread yet understudied behavior of many small streams.

Plain Language Summary  Stream ecosystems play a role in producing greenhouse gases (GHGs) 
and transporting them from groundwater to be released into the atmosphere. Some of these gases are produced 
through the breakdown of organic matter by microbes in the stream. We don't know how important this 
microbial production is compared to gases coming from soil and groundwater, but comparing it to rates of 
ecosystem metabolism may help us learn about it. We measured GHG and metabolism along a stream and 
found that metabolism is directly responsible for the production of carbon dioxide and is a good predictor of 
methane, meaning that microbial production in the stream is likely important. N2O production was limited by 
competition between microbes for nitrogen, as a result, the stream was removing N2O from the atmosphere 
rather than releasing it.
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tri al g as i n p uts ( H ot c h kiss et  al., 2 0 1 5 ) a n d s h ort er pr o c essi n g ti m e a v ail a bl e 

f or or g a ni c c ar b o n i n t h es e s yst e ms ( C at al á n et  al.,  2 0 1 6 ). H o w e v er, r e c e nt 

st u di es h a v e s h o w n t h at mi n er ali z ati o n of all o c ht h o n o us or g a ni c m att er c a n 

b e a pri m ar y s o ur c e of ri v er G H G fl u x es i n s o m e h e a d w at er str e a ms as w ell 

( B er n al et  al., 2 0 2 2 ; R o c h er- R os et  al., 2 0 2 0 ), c o ntri b uti n g t o t h e hi g h G H G 

fl u x es o bs er v e d i n h e a d w at er str e a ms ( Li et  al., 2 0 2 1 ; St a nl e y et  al., 2 0 1 6 ).

W hil e  p h ot os y nt h esis  a n d  a er o bi c  r es pir ati o n  dir e ctl y  aff e ct  C O 2  c o n c e n -

tr ati o ns, t h eir c o ntr ol of o x y g e n c o n c e ntr ati o ns m a y i n dir e ctl y r e g ul at e t h e 

pr o d u cti o n of C H 4  a n d nitr o us o xi d e ( N2 O) vi a a n a er o bi c r es pir at or y p at h -

w a ys ( M e g o ni g al et  al.,  2 0 0 4 ). P ositi v e r el ati o ns hi ps b et w e e n a er o bi c r es pi-

r ati o n a n d C H4  fl u x es h a v e b e e n o bs er v e d ( St a nl e y et  al.,  2 0 1 6 ) a n d m a y 

aris e d u e eit h er t o a s h ar e d d e p e n d e n c e o n or g a ni c c ar b o n s u bstr at es or t o 

t h e i n dir e ct c o ntr ol of r e d o x c o n diti o ns b y r es piri n g a er o b es. N2 O pr o d u c -

ti o n i n ri v ers h as r e c ei v e d f ar l ess att e nti o n b ut t e n ds t o b e q uit e l o w, e v e n 

f or p oll ut e d ri v ers w h er e r at es of nitrifi c ati o n a n d d e nitrifi c ati o n ar e hi g h 

( B e a uli e u et  al., 2 0 1 1 ).

Cli m at e c h a n g e is alt eri n g t h e ti mi n g, m a g nit u d e, a n d s p ati al distri b uti o n of 

b ot h t err estri al G H G d eli v er y a n d a q u ati c G H G pr o d u cti o n i n ri v ers. C h a n g es 

i n gr o u n d w at er r e c h ar g e ar e e x p e ct e d as a r es ult of c h a n gi n g pr e ci pit ati o n 

p att er ns  a n d  hi g h er  e v a p otr a ns pir ati o n  i n  t err estri al  e c os yst e ms  ( T a yl or  

et  al.,  2 0 1 3 ). D e cr e as e d gr o u n d w at er d eli v er y at b as efl o w will li k el y r e d u c e 

t h e m a g nit u d e of e missi o ns d eri v e d fr o m t err estri al s o ur c es a n d i n cr e as e t h e 

i m p ort a n c e of ri v eri n e m et a b olis m i n dri vi n g G H G fl u x es. I n c o ntr ast, f or ri v ers w h er e cli m at e c h a n g e l e a ds 

t o fl as hi er h y dr ol o g y, ri v eri n e m et a b oli c pr o c ess es m a y b e c o nstr ai n e d b y dist ur b a n c e ( B er n h ar dt et  al.,  2 0 2 2 ), 

e n h a n ci n g t h e r el ati v e i m p ort a n c e of t err estri all y d eri v e d G H Gs ( Bl a c k b ur n & St a nl e y,  2 0 2 1 ) a n d li k el y e n h a n c-

i n g i nt er a n n u al v ari a bilit y i n G H G c o n c e ntr ati o ns a n d fl u x es (J u n k er et  al., 2 0 2 0 ). I n all ri v ers, w ar mi n g t e m p er-

at ur es m a y dri v e hi g h er r at es of i n str e a m c ar b o n pr o c essi n g ( Y v o n- D ur o c h er et  al.,  2 0 1 0 ) a n d t h e pr o d u cti o n of 

C O 2  a n d C H4  ( D e m ars et  al., 2 0 1 6 ; Y v o n- D ur o c h er et  al., 2 0 1 4 ), p us hi n g t h e c ar b o n b al a n c e i n str e a ms t o w ar d 

f ast er mi n er ali z ati o n a n d r e d u c e d st or a g e a n d tr a ns p ort.

We m e as ur e d o x y g e n a n d G H G c o n c e ntr ati o ns al o n g a n ei g ht k m s e g m e nt of N e w H o p e Cr e e k i n t h e N ort h C ar o -

li n a Pi e d m o nt. T his sit e is a h et er otr o p hi c, l o w- gr a di e nt str e a m wit h a f or est e d c at c h m e nt. R at es of i nstr e a m gr oss 

pri m ar y pr o d u cti vit y ( G P P) ar e hi g h est fr o m l at e wi nt er u ntil t h e c a n o p y cl os es i n A pril, w hil e r at es of e c os yst e m 

r es pir ati o n ( E R) p e a k f oll o wi n g litt erf all i n O ct o b er ( C art er, 2 0 2 1 ; C. A. S. H all, 1 9 7 2 ). T o c a pt ur e b ot h p eri o ds 

of p e a k i nstr e a m m et a b oli c a cti vit y o ur st u d y e xt e n d e d fr o m t h e e n d of a ut u m n t hr o u g h t h e pr o d u cti vit y p e a k 

i n t h e f oll o wi n g s pri n g. O v er t h e c o urs e of t h es e t hr e e s e as o ns, w e m e as ur e d diss ol v e d o x y g e n c o n c e ntr ati o ns 

c o nti n u o usl y a n d c al c ul at e d d ail y r at es of str e a m G P P a n d E R at si x sit es f or e a c h d at e o n w hi c h w e c oll e ct e d 

g as c o n c e ntr ati o n a n d g as fl u x m e as ur e m e nts. We e x a mi n e d t h e r el ati o ns hi p b et w e e n g as d y n a mi cs a n d p h ysi c al 

a n d bi o g e o c h e mi c al dri v ers usi n g li n e ar mi x e d eff e cts m o d els a n d g as r ati os. O ur g o als w er e t o ( a) c h ar a ct eri z e 

t h e p att er ns a n d m a g nit u d es of G H G c o n c e ntr ati o ns a n d fl u x es, ( b) d et er mi n e p ot e nti al dri v ers of g as d y n a mi cs, 

a n d ( c) d es cri b e t h e r ol e of i n str e a m pr o c essi n g i n g e n er ati n g a n d c o ns u mi n g G H Gs i n N e w H o p e Cr e e k t hr o u g h 

s p a c e a n d ti m e.

2.  M et h o ds

2. 1.  Sit e D es c ri pti o n

T h e N e w H o p e Cr e e k w at ers h e d is l o c at e d i n t h e N ort h C ar oli n a Pi e d m o nt wit hi n D ur h a m a n d Or a n g e C o u nti es, 

N C at 3 6 ° N, − 7 9 ° E. I n t h e 8. 5  k m str e a m s e cti o n i n t his st u d y, N e w H o p e Cr e e k is a t hir d or d er str e a m a n d fl o ws 

t hr o u g h a f ull y f or est e d s e cti o n of t h e D u k e F or est ( Fi g ur e 1 ). T h e st u d y w at ers h e d ( d eli n e at e d t o t h e o utl et of o ur 

st u d y r e a c h, s e e b el o w) is 8 1  k m  2  wit h 9 0 % f or est c o v er, 9 % a gri c ult ur al l a n d, a n d 1. 3 % d e v el o p e d l a n d b as e d o n 

2 0 1 6 N L C D d at a ( C art er,  2 0 2 1 ). T h e st u d y r e a c h h as a n a v er a g e d e pt h of 0. 4  m a n d wi dt h of 1 4. 4  m m e as ur e d i n 

M ar c h a n d a n a v er a g e sl o p e of 3. 2  m  k m  − 1 . Al o n g t his s e cti o n, N e w H o p e Cr e e k is i n t h e Tri assi c b asi n a n d t h e 

str e a m alt er n at es b et w e e n l o n g d e e p p o ols a n d s h ort b e dr o c k o ut cr o ps t h at cr e at e riffl es ( Fi g ur e  1 ). E v e n d uri n g 

Fi g u r e 1.  N e w H o p e Cr e e k w at ers h e d ( 3 5. 9 8 0 ° N a n d − 7 9. 0 0 2 ° E) wit h 
p h ot os of ( a) a p o ol a n d ( b) a r u n s e cti o n t a k e n o n t h e s a m e d a y i n F e br u ar y 
2 0 1 9. ( c) T o p o gr a p hi c m a p of t h e w at ers h e d s h o wi n g st u d y sit es as r e d p oi nts 
l a b el e d wit h t h eir k m dist a n c es st arti n g u pstr e a m. T h e w at ers h e d is m ostl y 
f or est e d wit h t h e 8. 5  k m st u d y r e a c h c o nt ai n e d e ntir el y wit hi n t h e D u k e F or est 
( o utli n e d i n gr a y).
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p eri o ds of st e a d y fl o w, t h er e is n o m e as ur a bl e w at er v el o cit y i n t h e l ar g e p o ols a n d w at er r esi d e n c e ti m es l ast 

fr o m h o urs u p t o s e v er al d a ys. S e as o n all y, dis c h ar g e v ari es s e v er al or d ers of m a g nit u d e b et w e e n hi g h fl o w st or m 

p e a k s t hr o u g h o ut t h e wi nt er a n d s pri n g, a n d fr e q u e nt, e xt e n d e d dr y p eri o ds i n a ut u m n. T his st u d y w as i niti at e d 

w h e n fl o w r es u m e d, aft er a p eri o d of n o fl o w i n O ct o b er w h e n t h e cr e e k h a d b e c o m e a s eri es of dis c o n n e ct e d 

p o ols. D uri n g o ur st u d y fr o m N o v e m b er 2 0 1 9 t o M ar c h 2 0 2 0 t h er e w as c o nst a nt str e a m fl o w wit h a m e di a n of 

0. 7  m  3   s − 1  at t h e o utl et.

O ur si x m o nit ori n g sit es s p a n n e d a n 8. 5  k m r e a c h st arti n g at t h e m ost u pstr e a m sit e at 0  k m ( N H C _ 0) t o t h e o utl et 

of o ur r e a c h at t h e d o w nstr e a m p oi nt N H C _ 8. 5. All sit es ar e n a m e d b as e d o n t h eir dist a n c e i n k m fr o m t h e t o p 

t o t h e b ott o m of t h e r e a c h. T w o of t h e sit es ar e i n l o n g d e e p p o ols: N H C _ 2. 3 ( 2, 3 3 0  m) a n d N H C _ 6. 9 ( 6, 8 8 0 m). 

T hr e e sit es ar e i n s h ort er p o ols t h at oft e n tr a nsiti o n e d t o r u ns: N H C _ 0 ( 0  m), N H C _ 5 ( 5, 0 0 0  m), a n d N H C _ 8. 5 

( 8, 4 5 0  m). O n e sit e is i n a r u n d o w nstr e a m of a riffl e: N H C _ 2. 5 ( 2, 5 0 0  m), Fi g ur e  1 . We m e as ur e d t h e dist a n c e 

t o e a c h of t h es e sit es st arti n g at 8. 5  k m a n d w al ki n g u p t h e str e a m c h a n n el wit h a hi p c h ai n ( F or estr y S u p pl y) 

c o u nti n g dist a n c e i n m et ers. We m e as ur e d t h e l atit u d e a n d l o n git u d e of e a c h sit e usi n g a h a n d h el d G P S a n d p air e d 

t h e m wit h r e a c h es i n t h e N ati o n al H y dr o gr a p h y D at as et ( U. S. G e ol o gi c al S ur v e y, 2 0 1 7 ) usi n g t h e n h d pl us T o ols 

p a c k a g e ( Bl o d g ett,  2 0 1 9 ) i n R ( R C or e T e a m, v. 3. 6. 3) t o o bt ai n t h e c o ntri b uti n g w at ers h e d ar e a f or e a c h sit e.

2. 2.  S e ns o r D e pl o y m e nt

At e a c h of o ur m o nit ori n g l o c ati o ns, w e c oll e ct e d c o nti n u o us m e as ur e m e nts of diss ol v e d o x y g e n c o n c e ntr ati o ns 

a n d t e m p er at ur e ( O ns et H O B O U 2 6, B o ur n e, M A, U S A), a n d w at er pr ess ur e ( O ns et H O B O U 2 0 L) at 1 5- mi n 

i nt er v als fr o m N o v e m b er 2 0 1 9 t o M ar c h 2 0 2 0. We d e pl o y e d s e ns ors att a c h e d t o a f e n c e p ost at all sit es e x c e pt 

f or N H C _ 8. 5, w hi c h w as m o u nt e d dir e ctl y t o b e dr o c k, i n t h e t h al w e g of t h e str e a m or o n e m fr o m t h e si d e of t h e 

str e a m i n d e e p p o ol sit es ( N H C _ 7 a n d N H C _ 2. 3). T h e s e ns ors w er e m o u nt e d i nsi d e of a 3 ″ P V C pi p e wit h m a n y 

1 ″ h ol es drill e d t o all o w f or c o m pl et e w at er fl o w. T h es e P V C c a g es w er e pl a c e d s o t h at t h e s e ns ors w er e m e as ur -

i n g at ∼ 2 5  c m b el o w t h e s urf a c e d uri n g a v er a g e b as efl o w. We c ali br at e d t h e diss ol v e d o x y g e n s e ns ors i n t h e l a b 

pri or t o d e pl o y m e nt b y pl a ci n g t h e m i n 1 0 0 % air s at ur at e d w at er t o s et 1 0 0 % s at ur ati o n p oi nt. T o d o t his, b u b bl e d 

a b u c k et of w at er wit h ∼ 2 0  L of r o o m t e m p er at ur e w at er wit h air f or c e d t hr o u g h a c er a mi c a q u a c ult ur e st o n e 

f or 1  hr t h e n all o w e d t h e b u c k et t o e q uili br at e f or 1 0  mi n t o a v oi d m e as uri n g s u p ers at ur at e d w at er ( Bl as z c z a k 

et  al.,  2 0 1 9 ). F or a 0 % s at ur ati o n p oi nt, w e pl a c e d t h e s e ns ors i n a 1 M s o di u m s ulfit e s ol uti o n u ntil t h e y e q uili -

br at e d. We d e pl o y e d diss ol v e d o x y g e n s e ns ors wit h c o p p er a nti bi of o uli n g c a ps. D uri n g t h e d e pl o y m e nt p eri o d, 

w e visit e d t h e s e ns ors at l e ast bi w e e kl y t o cl e ar d e bris a n d cl e a n bi ofil ms fr o m t h e s e ns or a n d P V C h o usi n g wit h 

a br us h a n d t o d o w nl o a d d at a.

2. 3.  H y d r ol o g y a n d C h a n n el M o r p h ol o g y

We m o d el e d dis c h ar g e at t h e u pstr e a m ( N H C _ 0) a n d d o w nstr e a m ( N H C _ 8. 5) m o nit ori n g sit es b as e d o n c o nti n -

u o us w at er l e v el d at a c oll e ct e d b y pr ess ur e tr a ns d u c ers. O v er a r a n g e of fl o w c o n diti o ns, w e m e as ur e d str e a m 

dis c h ar g e b y v el o cit y pr ofili n g wit h a n el e ctr o m a g n eti c s e ns or ( M ars h- M c Bir n e y Fl o- M at e, Fr e d eri c k, M D, U S A) 

a n d b uilt sit e s p e cifi c l e v el- dis c h ar g e r ati n g c ur v es b as e d o n m e as ur e m e nts at N H C _ 0 ( n   =  1 1) a n d N H C _ 8. 5 

(n   =  1 3) wit h a b a n k-f ull hi g h fl o w p oi nt a d d e d at e a c h sit e b y c al c ul ati n g fl o w b as e d o n M a n ni n g's e q u ati o n 

f or o p e n c h a n n el fl o w. T o esti m at e dis c h ar g e at t h e i nt er v e ni n g sit es, w e ass u m e d t h at fl o w a c c u m ul ati o n w as 

pr o p orti o n al t o a c c u m ul at e d u psl o p e ar e a ( L e a c h et  al.,  2 0 1 7 ) d uri n g p eri o ds w h e n t h e str e a m w as g ai ni n g fl o w 

a n d t h at fl o w l oss w as pr o p orti o n al t o str e a m l e n gt h d uri n g p eri o ds of l osi n g fl o w a n d c al c ul at e d dis c h ar g e b y 

i nt er p ol ati n g t h e c o nti n u o us m e as ur e m e nts fr o m sit es N H C _ 0 a n d N H C _ 8. 5. Fl o w di d n ot e x c e e d t h e m a xi m u m 

p oi nts o n o ur dis c h ar g e r ati n g c ur v es f or a n y of o ur G H G s a m pli n g d at es.

We esti m at e d t h e t ot al gr o u n d w at er fl u x al o n g t h e st u d y r e a c h o n e a c h of o ur s a m pli n g d at es usi n g t h e dis c h ar g e 

m e as ur e m e nts fr o m N H C _ 0 a n d N H C _ 8. 5. T o d o t his, w e c al c ul at e d t h e t ot al gr o u n d w at er c o ntri b uti o n as t h e 

c h a n g e i n dis c h ar g e ( a g gr e g at e d t o a d ail y ti m e st e p f or e a c h s a m pli n g d at e) fr o m t h e t o p t o t h e b ott o m of t h e 

st u d y r e a c h. We di vi d e d t his r at e b y t h e str e a m b e d ar e a ( c al c ul at e d wit h t h e c h a n n el wi dt h m e as ur e m e nts b el o w) 

t o c al c ul at e a gr o u n d w at er fl u x i n m 3   m − 2   d − 1 . We pr es e nt t h e distri b uti o n of gr o u n d w at er fl u x es o n o ur s a m pli n g 

d at es i n t h e s u p pl e m e nt ar y i nf or m ati o n ( Fi g ur e S 1 i n S u p p orti n g I nf or m ati o n  S 1 ).

We c o n d u ct e d c h a n n el m or p h ol o g y s ur v e ys i n t h e 1  k m r e a c h es u pstr e a m of N H C _ 0 a n d N H C _ 8. 5 b y m e as ur -

i n g cr oss-s e cti o ns of d e pt h, c h a n n el wi dt h, a n d str e a m b a n k h ei g hts e v er y 1 0 0  m f or a t ot al of 1 0 l o c ati o ns at 
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e a c h sit e. We f oll o w e d t h e str e a m P U L S E g e o m or p hi c s ur v e y pr ot o c ol ( str e a m p uls e. or g ) t o c oll e ct t h es e m e as-

ur e m e nts. Fr o m t h es e 2 0 cr oss s e cti o ns, w e d e v el o p e d a li n e ar r el ati o ns hi p b et w e e n t h al w e g d e pt h a n d a v er a g e 

c h a n n el d e pt h. We c o n d u ct e d t w o s e p ar at e s ur v e ys of t h e e ntir e 8. 5  k m st u d y r e a c h m e as uri n g c h a n n el wi dt h a n d 

t h al w e g d e pt h e v er y 5 0  m at hi g h fl o w ( 9 M ar c h 2 0 1 9) a n d at l o w fl o w ( 8 O ct o b er 2 0 1 9). We c o n v ert e d t h al w e g 

d e pt hs t o a v er a g e d e pt h a c c or di n g t o o ur e m piri c al r el ati o ns hi p a n d us e d t his d at a t o c al c ul at e a v er a g e d e pt h i n t h e 

1  k m r e a c h a b o v e e a c h s e ns or sit e at t w o s e p ar at e ti m e p oi nts ( C art er,  2 0 2 1 ). We p air e d t h es e d e pt h m e as ur e m e nts 

wit h dis c h ar g e esti m at es c al c ul at e d f or e a c h sit e o n t h e r es p e cti v e d a ys a n d us e d t his p air of p oi nts t o c al c ul at e 

sit e s p e cifi c p ar a m et ers f or t his e m piri c al d e pt h ( D ) b y dis c h ar g e (Q ) r el ati o ns hi p ( L e o p ol d & M a d d o c k, 1 9 5 3 ):

𝐷𝐷 = 𝑐𝑐 𝑐𝑐 𝑓𝑓 ( 1)

w h er e c  is t h e a v er a g e d e pt h at u nit dis c h ar g e a n d f is a u nitl ess c o effi ci e nt.

At e a c h s e ns or l o c ati o n, w e c al c ul at e d str e a m b e d sl o p e fr o m a 3 0- m r es ol uti o n Li D A R m a p of t h e st u d y w at er -

s h e d a v ail a bl e t hr o u g h t h e N ort h C ar oli n a St at e U ni v ersit y Li br ari es ( htt ps:// w w w.li b. n cs u. e d u/ gis/ el e v ati o n ). 

We us e d t h e c o nti n u o us _str e a m _sl o p e f u n cti o n i n t h e w hit e b o x T o ols p a c k a g e ( Li n ds a y,  2 0 1 4 ) i n R ( v 3. 6. 3) t o 

e xtr a ct str e a m sl o p es fr o m t h e Li D A R i m a g es.

2. 4.  W at e r C h e mist r y A n al ys es

We m e as ur e d diss ol v e d i o ns, diss ol v e d or g a ni c c ar b o n ( D O C), a n d diss ol v e d g as c o n c e ntr ati o ns o n 1 1 diff er -

e nt d at es fr o m 1 1 N o v e m b er 2 0 1 9 t o 2 1 M ar c h 2 0 2 0 at i nt er v als r a n gi n g fr o m 1 t o 3  w e e k s. At e a c h s a m pl e 

d at e, w e c oll e ct e d a w at er s a m pl e f or l a b or at or y a n al ys es fr o m all si x m o nit ori n g l o c ati o ns. We m e as ur e d w at er 

t e m p er at ur e, c o n d u cti vit y, p H, a n d diss ol v e d o x y g e n a n d at m os p h eri c pr ess ur e at t h e ti m e of s a m pl e c oll e cti o n 

wit h a h a n d h el d m et er ( Yell o w S pri n gs I nstr u m e nts, C ol u m b us, O H, U S A). We c oll e ct e d w at er fr o m ∼ 1 5  c m 

b el o w t h e s urf a c e a n d filt er e d it t hr o u g h as h e d 2 5  m m  G F/ F filt ers i nt o a ci d w as h e d H D P E 6 0  m L b ottl es. We 

k e pt w at er s a m pl es o n i c e u ntil t h e y c o ul d b e fr o z e n at − 2 0  C u ntil a n al ysis. We a n al y z e d t h e w at er s a m pl es f or 

nitr at e ( N O 3 - N) o n a Di o n e x i o n c hr o m at o gr a p h (I C S- 2 0 0 0) wit h a K O H el u e nt g e n er at or a n d a n I o n P a c A S- 1 8 

a n al yti c al c ol u m n ( Di o n e x C or p or ati o n, S u n n y v al e, C A, U S A). T h e mi ni m u m d et e cti o n li mit ( m dl) f or 𝐴𝐴 N O −
3
 w as 

5  μ g  N  L  − 1 , s e v e n s a m pl es w er e b el o w d et e cti o n a n d t h es e w er e s et t o 2. 5  μ g  N  L − 1 . We a n al y z e d t ot al diss ol v e d 

nitr o g e n ( m dl  =  0. 0 5  m g  L  − 1 ) a n d D O C ( m dl  =  0. 2 5  m g  L − 1 ) o n a S hi m a d z u T O C- V t ot al c ar b o n a n al y z er t h at 

h a d a T N M- 1 nitr o g e n m o d ul e ( S hi m a d z u S ci e ntifi c I nstr u m e nts, C ol o m bi a, M D, U S A).

2. 5.  Diss ol v e d G as

We c oll e ct e d diss ol v e d g as s a m pl es i n d u pli c at e al o n gsi d e e a c h w at er s a m pl e a n d us e d l a b or at or y h e a ds p a c e 

e q uili br ati o n t o o bt ai n a g as s a m pl e f or a n al ysis ( a d a pt e d fr o m H u ds o n  ( 2 0 0 4 )). We us e d pr e w ei g h e d, 6 0- m L 

cri m p- c a p p e d gl ass s er u m vi als t h at w er e e v a c u at e d i n t h e l a b or at or y n o m or e t h a n 2 4  hr i n a d v a n c e of s a m pli n g. 

I n t h e fi el d, w e c oll e ct e d a w at er s a m pl e b y pl a ci n g t h e e v a c u at e d vi al 5 – 1 0  c m b el o w t h e s urf a c e of t h e w at er, 

i ns erti n g a 2 0 g a u g e n e e dl e a n d all o wi n g t h e vi al t o fill t o ∼ 4 0  m L b ef or e r e m o vi n g t h e n e e dl e b el o w t h e w at er 

s urf a c e. O n m ulti pl e s a m pl e d a ys, w e als o c oll e ct e d at m os p h eri c s a m pl es i n e v a c u at e d 9  m L gl ass s er u m vi als 

at t h e s a m pl e sit es. S a m pl es w er e st or e d o n i c e i n t h e d ar k f or n o m or e t h a n 2  hr b et w e e n c oll e cti o n a n d h e a d -

s p a c e e q uili br ati o n, c o nsist e nt wit h N E O N pr ot o c ols f or diss ol v e d G H G s a m pl e c oll e cti o n ( G o o d m a n,  2 0 2 1 ). We 

d et er mi n e d t h e v ol u m e of e a c h s a m pl e b y w ei g ht wit h a M ettl er T ol e d o P B pr e cisi o n b al a n c e ( 0. 0 1  g). T o e q uil -

i br at e s a m pl es, w e a d d e d N2  g as wit h a gl ass s yri n g e t o t h e e v a c u at e d h e a ds p a c e u ntil vi als w er e at at m os p h eri c 

pr ess ur e, t h e n a d d e d a n a d diti o n al 1 5  m L of N 2  t o o v er pr ess uri z e t h e h e a ds p a c e. We t h e n pl a c e d t h e vi als o n a 

s h a k er t a bl e f or 2  mi n t o all o w t h e diss ol v e d g as es t o e q uili br at e wit h t h e nitr o g e n h e a ds p a c e. Aft er s h a ki n g, w e 

tr a nsf err e d 1 0  m L of h e a ds p a c e fr o m e a c h s a m pl e i nt o a n e v a c u at e d 9- m L gl ass s er u m vi al usi n g a gl ass s yri n g e. 

We t h e n i m m e di at el y u n c a p p e d t h e s a m pl es a n d m e as ur e d w at er t e m p er at ur e a n d l a b air pr ess ur e f or e q uili br a -

ti o n c al c ul ati o ns. O n t h e d a y of e q uili br ati o n, w e pr e p ar e d a fi v e p oi nt st a n d ar d c ur v e i n tri pli c at e i n e v a c u at e d 

9  m L s er u m vi als t h at w e st or e d wit h t h e s a m pl es u ntil a n al ysis, al w a ys wit hi n 2  w e e k s of s a m pl e c oll e cti o n. 

H ol d ti m e t ests f or b ot h t h e s er u m b ottl e s a m pl es ( < 2  hr) a n d t h e g as vi als ( < 2  w e e k s) i n di c at e mi ni m al eff e cts 

o n c o n c e ntr ati o n.

We a n al y z e d g as s a m pl es f or c ar b o n di o xi d e ( C O 2 ), m et h a n e ( C H4 ), a n d nitr o us o xi d e ( N2 O) i n t h e e xtr a ct e d 

h e a ds p a c e wit hi n 2  w e e k s of c oll e cti o n. We c o n d u ct e d o ur a n al ys es wit h a S hi m a d z u 1 7 A g as c hr o m at o gr a p h 
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e q ui p p e d wit h a n el e ctr o n c a pt ur e d et e ct or ( E C D) a n d a fl a m e i o ni z ati o n d et e ct or ( S hi m a d z u S ci e ntifi c I nstr u -

m e nts, C ol o m bi a, M D). T o all o w f or d et er mi n ati o n of m ulti pl e g as c o n c e ntr ati o n fr o m t h e s a m e s a m pl e, w e 

att a c h e d  si x p ort  v al v es  a n d  a  m et h a ni z er.  D u pli c at e  s a m pl es  w er e  i nj e ct e d  wit h  a  T e k m ar  7 0 5 0  H e a ds p a c e  

A ut os a m pl er a n d r u n wit h ultr a hi g h p urit y N 2  as t h e c arri er g as a n d a P 5 mi xt ur e as t h e m a k e- u p g as f or t h e E C D. 

M e di c al gr a d e br e at hi n g air w as pl u m b e d t hr o u g h a N afi o n t u b e t o r e m o v e w at er v a p or fr o m t h e s a m pl e str e a m. 

We us e d a fi v e p oi nt st a n d ar d c ur v e of k n o w n c o n c e ntr ati o ns ( c ertifi e d pri m ar y st a n d ar ds, Air g as, M orris vill e, 

N C, U S A) t o c o n v ert p e a k ar e as of s a m pl es i nt o g as c o n c e ntr ati o ns.

We c al c ul at e d t h e diss ol v e d g as c o n c e ntr ati o n i n t h e w at er s a m pl e b as e d o n t h e h e a ds p a c e c o n c e ntr ati o n (s e e 

b el o w f or a n al ysis) f oll o wi n g H u ds o n,  2 0 0 4 . First, w e c al c ul at e d t h e a q u e o us c o n c e ntr ati o n of t h e g as t h at w as 

p artiti o n e d i nt o t h e h e a ds p a c e d uri n g e q uili br ati o n ( C A H ).

𝐷𝐷 A H =
𝑐𝑐 ℎ

𝑐𝑐 𝑓𝑓
× 𝐴𝐴 𝑔𝑔 × 𝜌𝜌 𝑔𝑔 ( 2)

w h er e V h  is t h e v ol u m e of N2  i n t h e h e a ds p a c e a n d V w  is t h e v ol u m e of w at er, C g  is t h e m e as ur e d g as c o n c e ntr ati o n 

i n m L  m L − 1 , a n d ρ g  is t h e d e nsit y of t h e g as ( m g L − 1 ). We t h e n c al c ul at e d t h e c o n c e ntr ati o n of g as still i n t h e 

a q u e o us p h as e aft er e q uili br ati o n ( C A ) usi n g g as s p e cifi c H e nr y's L a w c o nst a nts (H , at m  m ol − 1  fr a cti o n):

�퐶 �퐴 =
�푝 �푔

�퐻
×

�푛 �푤

�푉 �푤
× M W �푔 ( 3)

w h er e p g  is t h e p arti al pr ess ur e of t h e g as at l a b at m os p h eri c pr ess ur e, n w / Vw  i s t h e m ol ar c o n c e ntr ati o n of w at er 

( 5 5. 5  m ol  L − 1 ), a n d M W g  is t h e m ol e c ul ar w ei g ht of t h e g as ( m g L − 1 ). T h e t ot al c o n c e ntr ati o n of g as i n t h e w at er 

s a m pl e ( C , m g  L − 1 ) is as f oll o ws:

𝐶𝐶 = 𝐶𝐶 A H + 𝐶𝐶 𝐴𝐴 ( 4)

2. 6.  G as Fl u x

We esti m at e d g as fl u x es t o t h e at m os p h er e ( F , m g  m − 2   d − 1 ) f or e a c h s a m pl e usi n g t h e f oll o wi n g e q u ati o n:

𝐹𝐹 = (𝐶𝐶 − 𝐶𝐶 s at ) × 𝑘𝑘 𝑔𝑔 ( 5)

w h er e C  ( m g L − 1 ) is t h e diss ol v e d g as c o n c e ntr ati o n i n t h e w at er, C s at ( m g L − 1 ) is t h e s at ur ati o n c o n c e ntr ati o n of t h e 

g as at e q uili bri u m wit h t h e at m os p h er e ( c al c ul at e d usi n g H e nr y's l a w), a n d k g  ( m d − 1 ) is t h e g as e x c h a n g e v el o cit y 

f or a s p e cifi c g as ( R a y m o n d et  al.,  2 0 1 2 ). T h e g e o m or p h ol o g y i n N e w H o p e Cr e e k is d o mi n at e d b y l o n g d e e p 

p o ols w h er e a v er a g e w at er v el o citi es ar e l o w, e v e n d uri n g m o d er at e fl o w w h e n w at er v ol u m e is hi g h ( ∼ 0. 1  m s  − 1  

at 1  m  3   s − 1 ) r es ulti n g i n l o w g as e x c h a n g e v el o citi es a n d l o n g t ur n o v er dist a n c es f or diss ol v e d g as es. B e c a us e 

of t his, o p e n c h a n n el m et h o ds f or m e as uri n g g as e x c h a n g e wit h a tr a c er g as ( R. O. H all & M a di n g er,  2 0 1 8 ) d o 

n ot pr o d u c e r eli a bl e r es ults. We t h er ef or e esti m at e d g as e x c h a n g e c o effi ci e nts usi n g i n v ers e m o d eli n g b as e d o n 

diss ol v e d o x y g e n ti m e s eri es ( R. O. H all & Uls et h,  2 0 2 0 ). Fr o m t h e m o d el (s e e M et a b olis m s e cti o n f or d et ails), 

w e  g e n er at e d  a  p o ol e d  r el ati o ns hi p  b et w e e n  K 6 0 0  ( g as  e x c h a n g e  c o effi ci e nt  i n  d  − 1 ,  n or m ali z e d  t o  a  S c h mi dt  

n u m b er of 6 0 0) a n d dis c h ar g e at e a c h sit e, w hi c h w e us e d t o c al c ul at e a d ail y K 6 0 0  v al u e ( A p pli n g, H all, Ya c k uli c, 

& Arr oit a,  2 0 1 8 ; Fi g ur e S 3 i n S u p p orti n g I nf or m ati o n S 1 ). We c o n v ert e d o ur m o d el d eri v e d esti m at es of K 6 0 0  

( d − 1 ) t o k 6 0 0  ( m d − 1 ) m ulti pl yi n g b y a v er a g e str e a m d e pt h a n d t h e n c al c ul at e d g as s p e cifi c v al u es (k g , m  d − 1 ):

�푘 �푔 =
S c �푔

6 0 0

( − 1 ∕ 2 )

∕ �푘 6 0 0 ( 6)

usi n g t h e g as s p e cifi c S c h mi dt n u m b ers ( S c g ) c al c ul at e d at t h e s a m pl e w at er t e m p er at ur e a c c or di n g t o t h e c o ef-

fi ci e nts i n R a y m o n d et  al., 2 0 1 2 .

We us e d t h e d e pt h- n or m ali z e d K g  ( d − 1 ) v al u es f or e a c h g as al o n g wit h a v er a g e v el o cit y (v , m  d − 1 ) t o esti m at e t h e 

t ur n o v er 9 5 % l e n gt h of t h e g as as ∼ 3 v /K g  ( C h a pr a & Di T or o, 1 9 9 1 ). T h es e esti m at es w er e al m ost al w a ys gr e at er 

t h a n o ur 1  k m “f o ot pri nts ” u pstr e a m of e a c h s e ns or sit e.
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2. 7.  M et a b olis m

We m o d el e d m et a b olis m b as e d o n t h e si n gl e st ati o n di el O 2  m et h o d usi n g t h e hi er ar c hi c al B a y esi a n st at e s p a c e 

m o d el Str e a m M et a b oli z er ( A p pli n g, H all, Arr oit a, & Ya c k uli c,  2 0 1 8 ) i n R ( v. 3. 6. 3). T his m o d el esti m at es d ail y 

r at es of G P P, E R, a n d t h e g as e x c h a n g e c o effi ci e nt K 6 0 0  b as e d o n c h a n g es i n o x y g e n c o n c e ntr ati o n o v er ti m e 

a c c or di n g t o t h e f oll o wi n g e q u ati o n:

𝐷𝐷 𝑐𝑐 2

𝑐𝑐𝑓𝑓
=  G P P 𝐴𝐴 +  E R 𝑔𝑔 + 𝜌𝜌 O 2 × (D O 𝑔𝑔 −  D O s at ,�퐶) ( 7)

w h er e k O 2  ( m d − 1 ) is t h e o x y g e n s p e cifi c g as e x c h a n g e c o effi ci e nt r el at e d t o K 6 0 0  b y t h e S c h mi dt n u m b er f or 

O 2  ( E q u ati o n 6 ), D Oi a n d D Os at,i ar e t h e i nst a nt a n e o us c o n c e ntr ati o n of diss ol v e d o x y g e n a n d t h e c o n c e ntr ati o n 

at s at ur ati o n i n t h e str e a m, a n d G P P t, E Rt ar e d ail y, v ol u m etri c r at es ( g O 2  m − 3   d − 1 ). We us e d a m o d el wit h 

b ot h o bs er v ati o n a n d pr o c ess err or a n d wit h p arti al p o oli n g of K 6 0 0 ,  w hi c h r estri cts t h e a m o u nt of v ari ati o n 

all o w e d i n t h e K 6 0 0  b y dis c h ar g e r el ati o ns hi p t o r e d u c e e q uifi n alit y i n m o d el s ol uti o ns ( A p pli n g, H all, Ya c k uli c, 

& Arr oit a,  2 0 1 8 ). We r a n t h e m o d el wit h u ni nf or m ati v e pri ors o n G P P a n d E R a n d wit h a w e a k pri or o n K 6 0 0  

wit h a m e a n c al c ul at e d b as e d o n e m piri c al r el ati o ns hi ps f or h e a d w at er str e a ms ( R a y m o n d et  al.,  2 0 1 2 ) a n d a 

st a n d ar d d e vi ati o n of 0. 7 at e a c h n o d e i n t h e K -Q  r el ati o ns hi p (f or m or e d et ails o n m o d el fitti n g of o ur d at a, s e e 

C art er,  2 0 2 1 ). Aft er esti m ati n g m et a b olis m, w e r e m o v e d m o d el esti m at es f or w hi c h t h e R h at , a m etri c of p ar a m et er 

c o n v er g e n c e, w as a b o v e 1. 0 5 or f or w hi c h E R w as gr e at er t h a n z er o or G P P l ess t h a n z er o wit h a 9 5 % CI t h at di d 

n ot c o nt ai n z er o. S e e S u p p orti n g I nf or m ati o n  S 1  f or pl ots of s e ns or d at a us e d t o esti m at e m et a b olis m ( Fi g ur e S 2 

i n S u p p orti n g I nf or m ati o n S 1 ) a n d e v al u ati o n of m o d el K -Q  a n d K - E R r el ati o ns hi ps ( Fi g ur e S 3 i n S u p p orti n g 

I nf or m ati o n S 1 ).

2. 8.  D at a A n al ysis

T o d et er mi n e h o w g as c o n c e ntr ati o ns a n d fl u x es v ari e d al o n g wit h h y p ot h esi z e d p h ysi c al a n d bi ol o gi c al dri v ers, 

w e fit t h e f oll o wi n g m o d els:

�퐴 �푝,�푔 = �퐻 �푛 �푤,�푉 + �푤 �푔 + 𝐶𝐶 𝐶𝐶 + 𝐶𝐶 𝐴𝐴,𝐹𝐹 ( 8)

𝐶𝐶 𝐶𝐶 ∼ 𝑘𝑘 0 , 𝑔𝑔2m e as 

�푘 �푔 ∼ �푔 0 , �푘2sit e 

�휀 �풊,�풋 ∼ �푁 0 , �휎2pr o c 

w h er e 𝐴𝐴 𝐴𝐴 𝑖𝑖,𝑖𝑖 i s t h e g as c o n c e ntr ati o n or fl u x f or t h e it h s a m pl e at t h e jt h sit e, 𝐴𝐴 𝜷𝜷  is a v e ct or of c o effi ci e nts, a n d X i,j i s 

a v e ct or of m e as ur e d c o v ari at es (𝐴𝐴 1 , 𝑥𝑥1 , ..., 𝑥𝑥𝑛𝑛  )i,j f or e a c h s a m pl e a n d sit e. R esi d u al v ari ati o n is p artiti o n e d i nt o 

m e as ur e m e nt err or ( v ari ati o n b et w e e n r e pli c at es: u i) a n d pr o c ess err or w hi c h i n cl u d es u n e x pl ai n e d v ari ati o n 

b et w e e n sit es ( v j) a n d u n e x pl ai n e d r esi d u al v ari ati o n (𝐴𝐴 𝐴𝐴 𝑖𝑖,𝑖𝑖 ). We p erf or m e d m o d el s el e cti o n i n R ( v 4. 1. 3, R C or e 

T e a m,  2 0 2 2 ) wit h t h e l m e 4 p a c k a g e ( B at es et  al., 2 0 1 5 ) usi n g t h e c o d e l m er( y  ∼ ( 1|r e p)  + ( 1|sit e)  +  x 1  +  …  +  x

n) o n z-s c or e d d at a a n d pr e di ct ors. E a c h b as eli n e m o d el c o nt ai n e d a r a n d o m i nt er c e pt f or s a m pl e r e pli c at e, s u bs e -

q u e nt m o d els a d d e d a r a n d o m i nt er c e pt f or sit e a n d diff er e nt c o m bi n ati o ns of str e a m g e o m or p hi c c h ar a ct eristi cs 

(str e a m sl o p e a n d a v er a g e d e pt h), p h ysi c al pr o p erti es ( w at er t e m p er at ur e a n d dis c h ar g e), str e a m m et a b olis m 

( G P P a n d E R), a n d w at er c h e mistr y ( c o n c e ntr ati o n of 𝐴𝐴 N O −
3
 , D O C, a n d O2 ).

We c o n d u ct e d m o d el s el e cti o n b as e d o n A k ai k e's I nf or m ati o n Crit eri o n c orr e ct e d f or s m all s a m pl e si z es ( H ur vi c h 

& Ts ai,  1 9 8 9 ) a n d r estri ct e d p ossi bl e m o d els t o t h os e t h at c o nt ai n e d fi v e or f e w er fi x e d eff e cts a n d di d n ot all o w 

i n cl usi o n of b ot h dis c h ar g e a n d D O C, w hi c h ar e hi g hl y c orr el at e d (r  =  0. 8 2, p   <  0. 0 0 1). All ot h er pr e di ct ors h a v e 

r  <  0. 6, b ut t o pr e v e nt m ulti c olli n e arit y, w e o nl y c o nsi d er e d m o d els wit h v ari a n c e i nfl ati o n f a ct ors of l ess t h a n 

5 ( B ei er et  al.,  2 0 0 1 ). Nitr at e w as o nl y i n cl u d e d i n m o d els f or N2 O c o n c e ntr ati o n a n d fl u x. A v er a g e d e pt h w as 

i n cl u d e d i n m o d els f or g as c o n c e ntr ati o ns b ut n ot fl u x es as d e pt h w as us e d dir e ctl y i n t h e c al c ul ati o ns of g as fl u x. 

We pr es e nt t h e t o p fi v e m o d els f or e a c h g as i n T a bl e S 1 i n S u p p orti n g I nf or m ati o n  S 1  a n d t h e si n gl e b est m o d els 

i n T a bl es 1  a n d 2 . F or t h e b est fit m o d els, w e c al c ul at e d a m ar gi n al R 2 , w hi c h d es cri b es t h e v ari a n c e e x pl ai n e d 

b y j ust t h e fi x e d eff e cts (𝐴𝐴 𝐴𝐴 1 , ..., 𝐴𝐴 𝑛𝑛  ) a n d a c o n diti o n al R 2 , w hi c h is t h e v ari a n c e e x pl ai n e d b y t h e w h ol e m o d el 

i n cl u di n g r a n d o m i nt er c e pts ( N a k a g a w a & S c hi el z et h, 2 0 1 3 ).
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T o f urt h er e v al u at e t h e li n k s b et w e e n G H Gs a n d str e a m m et a b olis m, w e c al c ul at e d t h e fr a cti o n of O 2  a n d C O2  

fl u x t h at c o ul d b e e x pl ai n e d b y g as pr o d u cti o n or c o ns u m pti o n d u e t o n et e c os yst e m m et a b olis m ( n et e c os ys -

t e m pr o d u cti o n, N E P  =  G P P  −  E R). We c o n v ert e d o x y g e n b as e d m et a b olis m esti m at es t o u nits of C O2  usi n g a 

r es pir at or y q u oti e nt ( R Q) of 0. 8 m e as ur e d as m ol es of C O2  pr o d u c e d p er m ol e of O2  c o ns u m e d ( d el Gi or gi o & 

P et ers,  1 9 9 4 ). We us e d t h e r e ci pr o c al of t his ( 1. 2 5) as a p h ot os y nt h eti c q u oti e nt. We c al c ul at e d t h e fr a cti o n of 

i nstr e a m c o ntri b uti o n as N E Pg /F g  (t h e g as s p e cifi c N E P r at e di vi d e d b y t h e g as fl u x r at e). If t his fr a cti o n w as 

l ar g er t h a n o n e (n   =  1 4), w e c o nsi d er e d t h at t o b e 1 0 0 % c o ntri b uti o n. If t his fr a cti o n w as n e g ati v e (i. e., g as fl u x 

t o t h e at m os p h er e a n d g as c o ns u m pti o n b y N E P, n   =  1 5), w e c o nsi d er e d t h at t o b e 0 % c o ntri b uti o n.

F or o x y g e n, C O 2 , a n d C H4 , w e c al c ul at e d t h e g as d e p art ur e fr o m at m os p h eri c e q uili bri u m f or e a c h s a m pl e. T his 

is t h e a m o u nt of diss ol v e d g as i n e x c ess of t h e s at ur ati o n c o n c e ntr ati o n, or t h e s at ur ati o n d efi cit if t h e g as is 

u n d ers at ur at e d. We c al c ul at e d g as s p e cifi c s at ur ati o n c o n c e ntr ati o ns b as e d o n t e m p er at ur e a n d t h e at m os p h eri c 

p arti al pr ess ur e usi n g H e nr y's L a w. T h e g as d e p art ur e r e pr es e nts a s o ur c e ( e. g., gr o u n d w at er a n d pr o d u cti o n) or a 

si n k ( e. g., c o ns u m pti o n a n d o xi d ati o n) of t h e g as ot h er t h a n e x c h a n g e wit h t h e at m os p h er e ( Va c h o n et  al.,  2 0 2 0 ). 

We pr es e nt t h e m ol ar r ati os of C O 2 : O2  d e p art ur es a n d C H4 : C O2  d e p art ur es a n d dis c uss v ari o us bi o g e o c h e mi c al 

pr o c ess es i n t h e c o nt e xt of t h es e r ati os.

T o s e e if t h e r es pir ati o n a n d at m os p h eri c C O 2  fl u x es w e o bs er v e c o ul d b e a c c o u nt e d f or b y t h e D O C i n t h e 

str e a m, w e c al c ul at e d D O C u pt a k e r at es. B as e d o n a lit er at ur e v al u e f or r e a c h-s c al e D O C u pt a k e v el o cit y ( v f) of 

0. 2 6  m m  mi n  − 1  ( Mi n e a u et  al., 2 0 1 6 ), w e esti m at e d D O C u pt a k e (U , m g  m − 2   d − 1 ) b as e d o n o ur m e as ur e d D O C 

c o n c e ntr ati o ns: 𝐷𝐷 𝑐𝑐 = 𝑐𝑐 𝑓𝑓 × [ D O C]  .

M o d el w AI C c  ( %) R  2  m R  2  c  VI F M o d el pr e di ct ors

C O 2 C o n c 5 9 0. 7 9 7 0. 9 8 0 1. 9 8 Sit e  +  T e m p  +  G P P  +  O 2

Fl u x 4 8 0. 6 6 1 0. 9 7 0 1. 6 0 l o g(Q )  +  G P P  +  O2

C H 4 C o n c 4 5 0. 7 5 7 0. 9 4 8 1. 6 6 Sl o p e  + l o g( Q )  +  G P P  +  O2

Fl u x 6 0 0. 5 5 3 0. 8 7 1 1. 6 4 Sl o p e  +  T e m p  +  G P P  +  E R

N 2 O  C o n c 3 8 0. 4 8 9 0. 8 6 6 1. 2 4 l o g( Q )  +  E R  + l o g( N O3 )

Fl u x 4 6 0. 4 6 3 0. 8 5 0 1. 6 5  E R  +  O 2   + l o g( D O C)  + l o g( N O3 )

N ot e.  All m o d els i n cl u d e a r a n d o m i nt er c e pt f or s a m pl e r e pli c at e i n a d diti o n t o t h e list e d pr e di ct ors. B est m o d el w as s el e ct e d 
b as e d o n A k ai k e's I nf or m ati o n Crit eri o n ( AI C c; s e e T a bl e S 1 i n S u p p orti n g I nf or m ati o n  S 1 ). w AI C c : M o d el w ei g ht o ut of 
t o p fi v e m o d els, R  2 m: M ar gi n al R  2  (fit of fi x e d eff e cts), R  2 c: C o n diti o n al R  2  (fit i n cl u di n g r a n d o m eff e cts), VI F: v ari a n c e 
i nfl ati o n f a ct or. S e e t e xt f or d et ails.

T a bl e 1 
B est M o d els f or E a c h G as C o n c e ntr ati o n a n d Fl u x

M o d el Sl o p e Q  a T e m p E R  G P P  O 2 D O C  a N O 3
 a σ  2 sit e σ  2 pr o c σ  2 m e as

C O 2 C o n c – –  − 0. 5 5 * * –  − 0. 2 1 *  − 0. 8 1 * * – – 0. 0 5 6 0. 1 2 7 0. 0 2 0

Fl u x – 0. 5 9 * * – –  − 0. 2 3 *  − 0. 4 4 * * – – 0. 3 1 1 0. 0 3 0

C H 4 C o n c  − 0. 3 6 * *  − 0. 4 5 * * – –  − 0. 3 2 * *  − 0. 5 4 * * – – 0. 1 9 3 0. 0 5 3

Fl u x  − 0. 4 2 * * – 0. 4 0 * * 0. 4 5 * *  − 0. 5 7 * * – – – 0. 3 2 9 0. 1 3 4

N 2 O  C o n c –  − 0. 4 2 * * –  − 0. 3 5 * * – – – 0. 5 9 * * 0. 3 8 6 0. 1 3 7

Fl u x – – –  − 0. 6 7 * * –  − 0. 4 9 * *  − 0. 3 7 * * 0. 5 3 * * 0. 4 0 0 0. 1 5 5

N ot e.  M o d el esti m at es ar e gi v e n f or e a c h s el e ct e d pr e di ct or wit h  *  a n d * * i n di c ati n g si g nifi c a n c e at t h e 0. 0 1 a n d 0. 0 0 1 l e v els, r es p e cti v el y. St a n d ar d d e vi ati o ns of 
r a n d o m i nt er c e pts ar e s h o w n f or b et w e e n sit es (σ  2 sit e), b et w e e n r e pli c at es (σ  2 m e as ) a n d r esi d u al u n e x pl ai n e d v ari ati o n attri b ut e d t o pr o c ess err or (σ  2 pr o c ). All v al u es ar e 
b as e d o n z-s c or e d d at a.

 a Dis c h ar g e ( Q ), diss ol v e d or g a ni c c ar b o n ( D O C), a n d nitr at e ( N O3 ) ar e all o n a l o g s c al e.

T a bl e 2 
M o d el Esti m at es a n d U n c ert ai nti es f or E a c h of t h e T o p M o d els
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3.  R es ults

3. 1.  G as C o n c e nt r ati o ns a n d Fl u x es

We m e as ur e d diss ol v e d g as c o n c e ntr ati o ns at si x sit es o n d at es s p a n ni n g N o v e m b er t o M ar c h f or a t ot al of 5 8 

sit e b y d at e c o m bi n ati o ns. T h e c o n c e ntr ati o n of o x y g e n ( O 2 ) r a n g e d fr o m 6. 9 t o 1 2. 4   m g   L − 1  ( m e a n   ±  S D: 

1 0. 5  ±  1. 1  m g  L  − 1 ), c ar b o n di o xi d e ( C O2 ) r a n g e d fr o m 0. 2 t o 7. 1  m g  L − 1  ( 2. 3  ±  1. 4  m g  L − 1 ), m et h a n e ( C H4 ) 

r a n g e d fr o m 0. 7 t o 2 0. 5  μ g   L − 1  ( 4. 3   ±  3. 4  μ g   L  − 1 ), a n d nitr o us o xi d e ( N2 O) r a n g e d fr o m 0 t o 0. 8 6  μ g   L  − 1  

( 0. 4 8  ±  0. 2 1  μ g  L − 1 ). G as e x c h a n g e c o effi ci e nts w er e t y pi c all y l o w (K 6 0 0   =  7  ±  4  d − 1 , b ut u p t o 2 0 o n a hi g h fl o w 

s a m pl e d a y), r es ulti n g i n l o w g as fl u x es. O n a v er a g e, o x y g e n w as u n d ers at ur at e d a n d w as diss ol vi n g fr o m t h e 

at m os p h er e ( − 1. 8  ±  1. 7  g  m  − 2   d − 1 ). T h e str e a m w as n e arl y al w a ys effl u xi n g C O2  ( 2. 9  ±  2. 5  g  m − 2   d − 1 ) a n d C H4  

( 6. 9  ±  4. 7  m g  m − 2   d − 1 ), w hil e N2 O s wit c h e d fr o m u n d ers at ur at e d t o s u p ers at ur at e d d uri n g t h e st u d y wit h fl u x es 

r a n gi n g fr o m − 1. 4 t o 0. 7 1  m g  m − 2   d − 1  ( − 0. 2 2  ±  0. 5 2  m g  m − 2   d − 1 , Fi g ur e 2 ). W hil e t h er e w er e s o m e c o nsist e nt 

p att er ns of i n cr e asi n g or d e cr e asi n g c o n c e ntr ati o ns b et w e e n sit es, w h e n a v er a g e d a cr oss all s a m pl e d at es o nl y 

C H 4  c o n c e ntr ati o n w as si g nifi c a ntl y diff er e nt a cr oss sit es (F   =  5. 2, p   =  0. 0 0 0 6). G as fl u x es di d n ot diff er si g nif-

i c a ntl y a cr oss sit es f or a n y g as ( Fi g ur e 2 ).

T h er e w as m or e v ari ati o n i n g as c o n c e ntr ati o ns a n d fl u x es o v er ti m e t h a n o v er s p a c e ( Fi g ur e  3 ). Fr o m N o v e m b er t o 

M ar c h, e a c h diss ol v e d g as s h o w e d a diff er e nt p att er n. Diss ol v e d o x y g e n w as l o w i n N o v e m b er, ( 8. 8  ±  1. 4  m g  L  − 1 , 

m e a n  ±  S D a cr oss sit es o n a si n gl e s a m pl e d at e) a n d i n cr e as e d t hr o u g h o ut t h e wi nt er, p e a ki n g i n l at e J a n u ar y 

( 1 1. 8  ±  0. 4  m g  L − 1 ). C O2  st art e d at its hi g h est p oi nt i n N o v e m b er ( 5. 2  ±  1. 2  m g  L − 1 ) a n d d e cr e as e d t hr o u g h 

M ar c h t o a mi ni m u m of 0. 6  ±  0. 4  m g  L  − 1 . C H4  als o h a d its p e a k i n N o v e m b er ( 1 1  ±  6. 4  μ g  L − 1 ) t h e n d e cr e as e d 

t o a F e br u ar y l o w of 1. 5  ±  0. 7  μ g  L − 1  b ef or e risi n g i n t h e s pri n g t o 7. 5  ±  2  μ g  L − 1  b y t h e e n d of M ar c h. N2 O di d 

n ot h a v e c o nsist e nt t e m p or al tr e n ds; c o n c e ntr ati o n w as at its mi ni m u m i n mi d- N o v e m b er ( 0. 0 7  ±  0. 0 6  μ g  L  − 1 ), its 

m a xi m u m i n l at e J a n u ar y ( 0. 7 8  ±  0. 0 5  μ g  L  − 1 ) a n d is t h e m ost v ari a bl e i n e arl y D e c e m b er ( Fi g ur e 3 ). G as fl u x es 

s h o w si mil ar p att er ns t o t h eir c o n c e ntr ati o ns wit h t h e e x c e pti o n t h at N 2 O s wit c h es fr o m b ei n g a bs or b e d b y t h e 

str e a m fr o m N o v e m b er t o mi d-J a n u ar y t o d e g assi n g fr o m t h e str e a m f or t h e r e m ai n d er of t h e s pri n g.

B est fit li n e ar mi x e d eff e cts m o d els e x pl ai n e d 8 0 %, 7 6 %, a n d 4 9 % of t h e v ari ati o n i n C O 2 , C H4 , a n d N2 O c o n c e n -

tr ati o ns a n d 6 6 %, 5 5 %, a n d 4 6 % of t h e v ari ati o n i n fl u x es, r es p e cti v el y, b as e d o n v ari ati o n i n fi x e d eff e cts. 

Fi g u r e 2.  L o n git u di n al v ari ati o n i n diss ol v e d g as ( a) c o n c e ntr ati o ns a n d ( b) fl u x es at e a c h of t h e si x st u d y sit es. B o x pl ots 
s h o w t h e distri b uti o ns a cr oss all s a m pl e d at es ( n   =  1 1).
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Vari ati o n  a cr oss  sit es  h el p e d  pr e di ct  C O 2  c o n c e ntr ati o n  wit h  u n m e as ur e d  

sit e  c h ar a ct eristi cs  e x pl ai ni n g  ∼ 6 %  of  u n m o d el e d  v ari a bilit y  as  a  r a n d o m  

eff e ct. F or C H 4  c o n c e ntr ati o n a n d fl u x, t h e sl o p e of str e a m sit es w as a b ett er 

pr e di ct or  t h a n  sit e  al o n e,  wit h  st e e p er  str e a m  b e ds  pr e di cti n g  l ess  C H 4 . 

Str e a m dis c h ar g e v ari e d b y o v er a n or d er of m a g nit u d e b et w e e n s a m pli n g 

d at es ( Fi g ur e  4 ) wit h l o w fl o ws pr e di cti n g l o w C H4  a n d N2 O c o n c e ntr ati o ns. 

B e c a us e of t h e str o n g p ositi v e c orr el ati o n b et w e e n dis c h ar g e a n d D O C, w e 

c o nsi d er t h e r el e v a n c e of b ot h pr e di ct ors w h e n o n e w as s el e ct e d, s u g g esti n g 

t h at N2 O fl u x es m a y als o d e cr e as e wit h hi g h er fl o ws.

Str e a m m et a b olis m w as s el e ct e d as a pr e di ct or i n e v er y m o d el ( T a bl e  1 ). 

M or e pri m ar y pr o d u cti vit y ( G P P) pr e di ct e d l o w er c o n c e ntr ati o ns a n d fl u x es 

of C O 2  a n d C H4 . M or e r es pir ati o n ( E R) pr e di ct e d l o w er c o n c e ntr ati o n a n d 

fl u x of N2 O. W hil e E R w as n ot s el e ct e d as a pr e di ct or f or C O 2  or C H4 , l ess 

o x y g e n, w hi c h is c orr el at e d wit h hi g h er E R ( Fi g ur e  4 ), pr e di cts m or e of b ot h 

g as es. I nt er esti n gl y, N 2 O fl u x is n e g ati v el y pr e di ct e d b y b ot h E R a n d O 2 , 

d es pit e t h eir n e g ati v e c o v ari a n c e, s u g g esti n g t h at t h e y r efl e ct e d i n d e p e n d -

e nt c o ntr ols. Fi n all y, v ari ati o n i n w at er c h e mistr y si g nifi c a ntl y pr e di cts N 2 O 

wit h m or e nitr at e pr e di cti n g hi g h er c o n c e ntr ati o ns a n d fl u x es a n d m or e D O C 

pr e di cti n g l o w er N 2 O. I n t h e f all, w h e n nitr at e c o n c e ntr ati o ns ar e t h e l o w est, 

N 2 O  is  u n d ers at ur at e d  a n d  fl u x es  ar e  n e g ati v e  ( Fi g ur e  S 5  i n  S u p p orti n g  

I nf or m ati o n  S 1 ) i n di c ati n g t h at nitr at e m a y b e li miti n g pr o d u cti o n. C o nsi d-

eri n g dis c h ar g e as a pr o x y f or D O C m a y s u g g est t h at hi g h er D O C is li n k e d 

t o hi g h er C O2  a n d l o w er C H4 . A cr oss all m o d els, m e as ur e m e nt err or (σ  2 m e as ) 

a c c o u nt e d f or ∼ 1 5 % ( 0. 1 5 S D) of t h e u n m o d el e d v ari a bilit y i n C O 2 , 1 8 % 

( 0. 2 7 S D) i n C H4 , a n d 2 9 % ( 0. 3 8 S D) i n N2 O ( T a bl e  2 ).

3. 2.  G as D y n a mi cs a n d M et a b olis m

I n str e a m pr o d u cti o n of C O2  b y a er o bi c r es pir ati o n c o ntri b ut e d s u bst a nti all y 

t o t h e t ot al fl u x of C O2 . We c al c ul at e d r at es of C O2  pr o d u cti o n fr o m N E P 

ass u mi n g a R Q of 0. 8  m ol C O 2  pr o d u c e d p er m ol O2  c o ns u m e d. I n-str e a m 

N E P w as n e g ati v e o n 1 1 7 of 1 3 1  d a ys, a n d f or cl arit y w e r ef er t o t his e x c ess 

of  r es pir ati o n  o v er  p h ot os y nt h eti c  assi mil ati o n  as  n et  h et er otr o p h y  (s e ns u  

C. A. S. H all,  1 9 7 2 ). Of t h e c u m ul ati v e 1 6 1  g C O2  m − 2  effl u x e d fr o m t h e 

str e a m a cr oss all s a m pli n g d at es a n d l o c ati o ns, 6 4 % c a n b e a c c o u nt e d f or b y 

n et h et er otr o p h y. A cr oss s a m pli n g d a ys, t h e n et h et er otr o p hi c c o ntri b uti o n 

t o C O2  effl u x s p a n n e d t h e f ull r a n g e fr o m 0 % ( N E P  ≥  0 or C O2  fl u x  ≤  0) 

t o 1 0 0 % ( N et h et er otr o p h y  ≥  C O2  fl u x). I n a ut u m n, w h e n litt er i n p uts a n d 

hi g h t e m p er at ur es sti m ul at e d hi g h r at es of E R, n et h et er otr o p h y a c c o u nt e d 

f or 7 8 %  ±  2 0 % of t h e C O2  fl u x. I n t h e s pri n g, w h e n fl u x es of p h ot os y nt h esis w er e hi g h est a n d s o m eti m es e x c e e d-

i n g fl u x es of E R, n et h et er otr o p h y a c c o u nt e d f or o nl y 2 7 %  ±  4 0 % of t h e C O2  fl u x. We m e as ur e d t h e l o w est n et 

c o ntri b uti o n of h et er otr o p h y t o t ot al C O 2  fl u x es i n o ur l at e F e br u ar y s a m pli n g ( 1 7 %  ±  4 0 %), w hi c h t o o k pl a c e o n 

t h e f alli n g li m b of a l ar g e st or m ( Fi g ur e 5 ). T h es e fi n di n gs ar e r o b ust t o v ari ati o ns i n t h e R Q r a n gi n g fr o m 0. 6 t o 

1 ( Fi g ur e S 6 i n S u p p orti n g I nf or m ati o n  S 1 ).

Gr o u n d w at er fl u x es t hr o u g h t h e str e a m b e d a p pr o xi m at e d b as e d o n c h a n g e i n dis c h ar g e al o n g t h e e ntir e 8. 5  k m 

r e a c h w as o n a v er a g e − 0. 0 4  m 3   m − 2   d − 1  a cr oss all s a m pl e d at es ( Fi g ur e S 1 i n S u p p orti n g I nf or m ati o n  S 1 ). O n 

s e v e n o ut of t h e 1 1 s a m pl e d at es, t h e gr o u n d w at er fl u x w as n e g ati v e, m e a ni n g t h e str e a m w as l osi n g w at er al o n g 

t h e r e a c h. T hr e e s a m pl e d at es fr o m l at e N o v e m b er t o e arl y D e c e m b er h a d p ositi v e gr o u n d w at er fl u x es wit h t h e 

str e a m g ai ni n g at r at es of 0. 1 7, 0. 4 0, a n d 0. 1 9   m  3    m − 2   d − 1  ( Fi g ur e S 1 i n S u p p orti n g I nf or m ati o n  S 1 ). T h es e 

fl u x es ar e l o w c o m p ar e d t o ot h er r e p ort e d str e a ms ( M ul h oll a n d et  al.,  2 0 0 1 ), wit h o nl y t h e p e a k fl u x d at e of 3 

D e c e m b er p ot e nti all y i nfl u e n ci n g esti m at es of E R ( R. O. H all & T a n k,  2 0 0 5 ). We di d n ot us e t his fl u x t o c orr e ct 

o ur m et a b olis m esti m at es b ot h b e c a us e of u n c ert ai nt y i n fl u x esti m at es d u e t o o ur r ati n g c ur v es a n d u n m e as ur e d 

Fi g u r e 3.  T e m p or al p att er ns i n str e a m g as c o n c e ntr ati o ns, p h ysi c al a n d 
m et a b oli c dri v ers i n N e w H o p e Cr e e k. Fr o m t o p t o b ott o m: m e a n d ail y gr oss 
pri m ar y pr o d u cti vit y ( G P P) a n d e c os yst e m r es pir ati o n ( E R) s h o w n wit h 9 5 % 
CIs; m e a n d ail y w at er t e m p er at ur e a n d dis c h ar g e ( Q ) at t h e u pstr e a m ( 0  m) 
a n d d o w nstr e a m ( 8, 4 5 0  m) sit es; g as c o n c e ntr ati o ns a n d w at er c h e mistr y 
wit h s a m pl es fr o m e a c h sit e s h o w n as p oi nts a n d s h a d e d i nt er q u artil e r a n g es. 
D as h e d li n es o n t h e g as p a n els r e pr es e nt u nitl ess r ati os of g as c o n c e ntr ati o ns 
i n e x c ess of s at ur ati o n.
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gr o u n d w at er o x y g e n c o n c e ntr ati o ns, b ut t his a n al ysis s u g g ests t h at gr o u n d w at er i n p uts w er e li k el y n ot i m p ort a nt 

at t h e s c al e of t his st u d y.

T h e r ol e of str e a m m et a b olis m i n s h a pi n g g as d y n a mi cs is r efl e ct e d i n t h e r el ati o ns hi p b et w e e n t h e m ol ar d e p ar -

t ur es of O2  a n d C O2  fr o m at m os p h eri c e q uili bri u m ( Fi g ur e 6 a ). At m os p h eri c e x c h a n g e will t e n d t o p us h b ot h g as es 

t o w ar d z er o d e p art ur e fr o m e q uili bri u m, a n d b ot h i n sit u a n a er o bi c m et a b olis m a n d gr o u n d w at er c o ntri b uti o ns 

Fi g u r e 4.  C orr el ati o ns a n d r a n g es of pr e di ct or v ari a bl es. R a n g es ar e f or v al u es o n s a m pli n g d at es b ef or e l o g s c ali n g. 
Si g nifi c a nt r el ati o ns hi ps at p   ≤  0. 0 1, 0. 0 5, a n d 0. 1 ar e i n di c at e d b y * * *, * *, a n d *, r es p e cti v el y.

Fi g u r e 5.  Al m ost all of t h e C O 2  fl u x is a c c o u nt e d f or b y i n str e a m m et a b olis m e x c e pt o n t h e f alli n g li m b of a l ar g e st or m. ( a) 
Gr a y distri b uti o ns o n t h e l eft s h o w t h e r a n g e of C O 2  fl u x es a cr oss all d at es w hi c h h a d p ositi v e fl u x at e a c h sit e a n d or a n g e 
distri b uti o ns o n t h e ri g ht s h o w C O 2  g e n er at e d b y n et e c os yst e m pr o d u cti vit y ( N E P) f or t h os e s a m e d a ys wit h a r es pir ati o n 
q u oti e nt of 0. 8. Distri b uti o n m e di a ns ar e i n di c at e d b y h ori z o nt al li n es. ( b) B ars s h o w t ot al C O 2  fl u x a cr oss sit es o n e a c h 
s a m pl e d at e wit h t h e fr a cti o n attri b ut a bl e t o N E P c ol or e d or a n g e. Dis c h ar g e at t h e o utl et of t h e r e a c h is s h o w n o n a li n e ar 
s c al e i n bl u e.
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will t y pi c all y i n cr e as e C O 2  a n d d e cr e as e O2  c o n c e ntr ati o ns ( Va c h o n et  al., 2 0 2 0 ). A cr oss o ur s a m pl es, C O2  a n d 

O 2  d e p art ur es w er e n e g ati v el y c orr el at e d a n d s p a n n e d a gr a di e nt fr o m hi g h O2  a n d l o w C O2  w h e n t h e str e a m w as 

a ut otr o p hi c ( N E P  ∼ 0. 5  g O 2  m − 2   d − 1 ) t o l o w O2  a n d hi g h C O2  w h e n t h e str e a m w as h et er otr o p hi c ( N E P  ∼ − 6  g 

O 2  m − 2   d − 1 ). If i n sit u di el m e as ur e m e nts of C O2  a n d O2  d e p art ur es ar e l ar g el y dri v e n b y a er o bi c str e a m m et a b-

olis m, w e e x p e ct a n e g ati v e r el ati o ns hi p p assi n g t hr o u g h t h e ori gi n ( B er n al et  al.,  2 0 2 2 ; Va c h o n et  al., 2 0 2 0 ). 

O ur s a m pl es w er e n ot di el, li miti n g t his i nt er pr et ati o n. H o w e v er, if t his r el ati o ns hi p w as pri m aril y dri v e n b y 

gr o u n d w at er, w e w o ul d e x p e ct t h e e ntir e r el ati o ns hi p t o m o v e t o t h e ri g ht, r e pr es e nti n g m or e C O 2  r el ati v e t o O2  

d e pl eti o n. B ot h t h e c o v ari ati o n of g as d e p art ur es wit h N E P a n d t h e l o c ati o n of t h e r el ati o ns hi p r el ati v e t o t h e 

ori gi n ar e c o nsist e nt wit h str e a m m et a b olis m as t h e d o mi n a nt c o ntr ol, r at h er t h a n gr o u n d w at er i n p uts.

C o n c e ntr ati o ns of C H 4  c o v ari e d wit h C O2  c o n c e ntr ati o n wit h a n a v er a g e m ol ar d e p art ur e r ati o of 0. 0 0 3 1  ±  0. 1 5. 

T h e v ari a n c e ar o u n d t his r el ati o ns hi p is m u c h hi g h er t h a n it is f or O 2  a n d C O2  a n d m u c h of t h e s pr e a d ar o u n d 

t h e li n e is r el at e d t o str e a m dis c h ar g e ( Fi g ur e 6 b ). If t h es e d e p art ur es w er e pri m aril y c o ntr oll e d b y gr o u n d w at er 

i n p uts a n d at m os p h eri c e x c h a n g e, w e w o ul d e x p e ct hi g h d e p art ur es at l o w dis c h ar g e a n d n e ar z er o d e p art ur es 

at hi g h dis c h ar g e, w hi c h is n ot w h at w e o bs er v e ( Fi g ur e  6 b ). I n g e n er al, s a m pl es t a k e n at l o w dis c h ar g e w er e 

e nri c h e d i n C H 4  r el ati v e t o C O2  w hil e t h os e t a k e n at hi g h dis c h ar g e w er e d e pl et e d. M u c h of t his v ari ati o n is 

s e as o n al; a ut u m n a n d wi nt er C H 4 : C O2  r ati os a v er a g e ∼ 0. 0 0 5 wit h t h e l o w est i n e arl y N o v e m b er a n d i n t h e s pri n g 

t h e y i n cr e as e t o ∼ 0. 1 2 wit h a f e w e x c e pti o n all y hi g h v al u es. T his i n cr e as e o v erl a ps wit h t h e s pri n g pr o d u cti vit y 

bl o o m a n d ass o ci at e d C O 2  d e pl eti o n w hi c h dri v es at l e ast p art of t h e s hift. H o w e v er, C H 4  c o n c e ntr ati o ns als o 

i n cr e as e i n t h e s pri n g, c o ntri b uti n g t o t h e s hift. N2 O d e p art ur es fr o m s at ur ati o n d o n ot c o v ar y wit h a n y of t h e 

ot h er g as es.

4.  Dis c ussi o n

O v er t h e c o urs e of t his 5  m o nt h st u d y, N e w H o p e Cr e e k w as a n et s o ur c e of C O 2  a n d C H4  t o t h e at m os p h er e 

a n d a n et si n k of N 2 O ( Fi g ur e  2 ). A er o bi c m et a b olis m wit hi n t h e str e a m c h a n n el w as t h e d o mi n a nt dri v er of C O 2  

d y n a mi cs a n d w as li k el y i m p ort a nt f or C H 4  a n d N2 O as w ell. S e as o n al v ari ati o n i n str e a m m et a b olis m a n d h y dr ol -

o g y dri v es m ost of t h e o bs er v e d p att er ns i n g as c o n c e ntr ati o ns a n d fl u x es. D uri n g l at e a ut u m n, r es pir ati o n f u el e d 

b y t h e p uls e of t err estri al litt erf all w as hi g h, dri vi n g o x y g e n d e pl eti o n, nitr at e li mit ati o n, a n d C O 2  s u p ers at ur ati o n. 

I n t h e s pri n g, al g al p h ot os y nt h esis l e d t o a p eri o d of o x y g e n s u p ers at ur ati o n a n d C O 2  d e pl eti o n. C o n c e ntr ati o ns of 

C H 4  f oll o w e d si mil ar s e as o n al p att er ns as C O2  wit h e v e n l ar g er m a g nit u d e s hifts. T hr o u g h o ut t h e f all r es pir ati o n 

Fi g u r e 6.  R ati os of e x c ess g as c o n c e ntr ati o ns a cr oss s a m pl es. ( a) Diss ol v e d C O 2  a n d O2  i n e x c ess of t h e str e a m w at er 
s at ur ati o n v al u e f or e a c h g as s a m pl e. T h e li n e r e pr es e nts t h e p att er n t h at w o ul d b e e x p e ct e d i n di el d at a c orr es p o n di n g wit h a 
r es pir at or y q u oti e nt of 0. 8  m ol C O2  pr o d u c e d p er m ol e O2 . T h e p oi nts ar e c ol or e d b y n et e c os yst e m pr o d u cti vit y ( G P P  +  E R). 
( b) Diss ol v e d C H4  i n e x c ess of str e a m s at ur ati o n pl ott e d a g ai nst e x c ess C O2 . T h e d at a h a v e a wi d e s pr e a d ar o u n d a m e di a n 
m ol ar r ati o of 1 3 3 wit h p ur pl e i n di c ati n g t h at s a m pl es wit h l o w dis c h ar g e t e n d t o b e e nri c h e d i n C H 4  w hil e y ell o w p oi nts 
s h o w hi g h dis c h ar g e s a m pl es w hi c h ar e C H 4  d e pl et e d r el ati v e t o C O2 .
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p e a k, N 2 O c o n c e ntr ati o ns w er e w ell b el o w s at ur ati o n, b ut b ot h nitr at e a n d N 2 O c o n c e ntr ati o ns i n cr e as e d i n s pri n g 

as t h e s yst e m m o v e d t o w ar d a ut otr o p h y ( Fi g ur e  3 ). T his m a y i n di c at e t h at N2 O pr o d u cti o n w as li mit e d b y nitr at e, 

d e pl et e d b y h et er otr o p hi c b a ct eri a i n t h e f all. We s u g g est t h at t h e hi g h pr e di ct a bilit y of G H G c o n c e ntr ati o ns a n d 

fl u x es b y i nstr e a m c o ntr ols is a r es ult of l o w h y p or h ei c a n d at m os p h eri c e x c h a n g e, a cl ai m s u p p ort e d b y t h e l o w 

c h a n n el c o m pl e xit y a n d gr o u n d w at er fl u x es, fl at str e a m gr a di e nts, a n d fr e q u e nt l ar g e v ol u m e, hi g h r esi d e n c e ti m e 

p o ols i n N e w H o p e Cr e e k.

4. 1.  M a g nit u d es a n d P att e r ns

C o n c e ntr ati o ns of C O 2  i n N e w H o p e Cr e e k ar e c o m p ar a bl e t o t h os e o bs er v e d i n si mil arl y si z e d str e a ms, b ut fl u x 

r at es ar e m u c h l o w er d u e t o li mit e d g as e x c h a n g e. A s y nt h esis of U S str e a ms r e p orts a n a v er a g e C O 2  c o n c e n-

tr ati o n of 5. 3  m g  L − 1  [t his st u d y: 2. 3; 0. 2 – 7. 1] ( m e a n; r a n g e s h o w n i n br a c k ets t hr o u g h o ut s e cti o n) a n d fl u x of 

1 8. 9  g  m  − 2   d − 1  [t his st u d y: 2. 9; − 0. 4 t o 1 0. 5] i n t hir d or d er str e a ms ( B ut m a n & R a y m o n d, 2 0 1 1 ). W hil e t h e t ot al 

fl u x fr o m N e w H o p e Cr e e k is l o w er, t h e fr a cti o n of C O2  fl u x d u e t o i n str e a m m et a b olis m is c o m p ar a bl e t o t h at 

i n s o m e str e a ms ( B er n al et  al., 2 0 2 2 ; R o c h er- R os et  al., 2 0 2 0 ) b ut hi g h er t h a n is r e p ort e d i n m ost str e a ms of si mi-

l ar si z e ( G ó m e z- G e n er et  al., 2 0 1 6 ; L u p o n et  al., 2 0 1 9 ; R asil o et  al., 2 0 1 7 ). T h e fr a cti o n w e m e as ur e d is li k el y 

a c o ns er v ati v e esti m at e, as w e w o ul d e x p e ct t h e l o w est c o ntri b uti o n of i nstr e a m m et a b olis m d uri n g t h e wi nt er, 

w hi c h is w h e n w e c oll e ct e d m ost of o ur m e as ur e m e nts.

M et h a n e  ( C H 4 )  c o n c e ntr ati o ns  a n d  fl u x es  ar e  a n  or d er  of  m a g nit u d e  l o w er  t h a n  t h e  a v er a g e  c o n c e ntr ati o ns  

r e p ort e d i n a r e c e nt s y nt h esis ( 2 2  ±  8 3  μ g  L − 1  [t his st u d y: 4. 3; 0. 7 – 2 0]) b ut ar e a b o ut e q u al t o t h e m e a n of u n dis-

t ur b e d r ef er e n c e str e a ms ( ∼ 5  μ g  L − 1 ) i n t h e s a m e s y nt h esis ( St a nl e y et  al., 2 0 1 6 ). Nitr o us o xi d e ( N2 O) c o n c e n -

tr ati o ns v ar y s u bst a nti all y a cr oss str e a ms a n d ri v ers, a n d o ur c o n c e ntr ati o ns ar e l o w er t h a n m ost. T his mi g ht b e 

b e c a us e m a n y N 2 O st u di es ar e d o n e i n pl a c es w h er e nitr at e is hi g h s u c h as ur b a n str e a ms a n d a gri c ult ur al str e a ms, 

wit h a v er a g e N 2 O a b o ut t hr e e ti m es as hi g h as i n N H C ( 1. 2  μ g  L  − 1 , B e a uli e u et  al., 2 0 0 8 ) [t his st u d y: 0. 5; 0 – 0. 9], 

t h o u g h a s y nt h esis of f or est e d str e a ms f o u n d si mil arl y hi g h c o n c e ntr ati o ns ( 1. 3  ±  1. 8  μ g  L − 1 , A u d et et  al., 2 0 2 0 ). 

A s y nt h esis fr o m Q ui c k et  al. ( 2 0 1 9 ) r e p orts N2 O fl u x es r a n gi n g fr o m − 3 u p t o s e v er al t h o us a n d m g  m  − 2   d − 1  [t his 

st u d y: − 0. 2; − 1. 4 – 0. 7]. W hil e m ost st u di es i n t his s y nt h esis s h o w str e a ms as a n et s o ur c e of N 2 O t o t h e at m os -

p h er e, s o m e, p arti c ul arl y i n f or est e d ar e as, r e p ort v er y l o w c o n c e ntr ati o ns a n d o c c asi o n al n et a bs or pti o n of N 2 O 

( e. g., − 2 t o 6  m g  m − 2   d − 1 , S o u e d et  al., 2 0 1 6 ) as w e o bs er v e at o ur sit e.

4. 2.  M et a b olis m C o nt r ols

I n-str e a m p h ot os y nt h esis a n d a er o bi c r es pir ati o n ar e dir e ctl y r es p o nsi bl e f or t h e c o ns u m pti o n a n d pr o d u cti o n of 

C O 2  i n str e a ms a n d e x pl ai n a l ar g e fr a cti o n of v ari ati o n i n g as c o n c e ntr ati o ns i n N e w H o p e Cr e e k. O n e v er y d at e, 

t h e p ot e nti al s u p pl y of D O C is m or e t h a n s uffi ci e nt t o s u p p ort t h e e ntir e fl u x of C O2  t o t h e at m os p h er e b as e d 

o n t y pi c al D O C u pt a k e r at es ( Mi n e a u et  al.,  2 0 1 6 , Fi g ur e S 7 i n S u p p orti n g I nf or m ati o n S 1 ). M u c h of t his w at er 

c ol u m n D O C m a y n ot b e l a bil e, b ut l ar g e a c c u m ul ati o ns of P O C i n t h e str e a m b e d ar e als o a n i m p ort a nt s o ur c e 

of C t o s u p p ort h et er otr o p hi c m et a b olis m as pr e vi o usl y o bs er v e d i n N e w H o p e Cr e e k ( C art er,  2 0 2 1 ; C. A. S. 

H all,  1 9 7 2 ), a n d i n ot h er str e a ms ( B ert u z z o et  al., 2 0 2 2 ).

At ti m es, n et h et er otr o p hi c r es pir at or y pr o d u cti o n of C O 2  is m u c h hi g h er t h a n t h e C O2  fl u x t o t h e at m os p h er e, 

l e a di n g t o a n a c c u m ul ati o n of C O2  i n t h e str e a m, e v e n w h e n it is alr e a d y s u p ers at ur at e d ( Fi g ur e  5 ). T his h as 

b e e n r e p ort e d i n ar cti c str e a ms ( R o c h er- R os et  al.,  2 0 2 0 ), b ut h as n ot b e e n r e p ort e d f or l o w or d er str e a ms li k e 

N e w H o p e Cr e e k w hi c h h a v e pr e vi o usl y b e e n s h o w n t o d eri v e t h e b ul k of t h eir C O 2  fl u x t o t h e at m os p h er e fr o m 

gr o u n d w at er i n p uts ( D u v ert et  al.,  2 0 1 9 ; H ot c h kiss et  al., 2 0 1 5 ; R asil o et  al., 2 0 1 7 ). I n p art, t his a c c u m ul ati o n is 

d u e t o a li mit e d a bilit y t o e x c h a n g e wit h t h e at m os p h er e. N e w H o p e Cr e e k is d e e p a n d sl o w m o vi n g, e v e n i n t h e 

wi nt er m o nt hs, a n d diss ol v e d g as oft e n r e m ai ns i n t h e w at er c ol u m n f or s e v er al d a ys a n d i n tr a nsit o v er m ulti pl e 

kil o m et ers d u e t o li mit e d g as e x c h a n g e. T his c a n c a us e l a gs b et w e e n g as pr o d u cti o n a n d d e g assi n g a n d cr e at es 

i d e al c o n diti o ns f or o x y g e n d e pl eti o n dri vi n g t h e s yst e m h y p o xi c d uri n g p eri o ds of l o w fl o ws a n d hi g h t e m p er a-

t ur es ( C art er et  al., 2 0 2 1 ).

W hil e o ur m et a b oli c r at es d o n ot i n c or p or at e m e as ur e m e nts of a n a er o bi c pr o c ess es, t h e y n o n et h el ess s er v e as 

a str o n g pr e di ct or of C H 4  c o n c e ntr ati o n a n d fl u x. T h e “ a n a er o bi c s c ali n g h y p ot h esis ” s u g g ests t h at a n a er o bi c 

r es pir ati o n m a y i n cr e as e pr o p orti o n all y t o a er o bi c r es pir ati o n, all o wi n g C O 2  or E R t o s er v e as a pr e di ct or f or 

C H 4  c o n c e ntr ati o ns ( St a nl e y et  al., 2 0 1 6 ). T his r el ati o ns hi p c a n aris e vi a t w o disti n ct b ut n ot m ut u all y e x cl usi v e 
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m e c h a nis ms. First, a er o bi c r es pir ati o n d e pl et es o x y g e n, s o p eri o ds of hi g h a er o bi c r es pir ati o n c a n l e a d t o o x y g e n 

d e pl eti o n w hi c h f a v ors a n a er o bi c m et h a n o g e n esis w hil e l o w r es pir ati o n m a y s ust ai n hi g h o x y g e n c o n c e ntr ati o ns 

w hi c h c a n f a cilit at e C H 4  o xi d ati o n i n t h e w at er c ol u m n ( St a nl e y et  al., 2 0 1 6 ). A n alt er n ati v e m e c h a nis ms is t h at 

b ot h a er o bi c r es pir ati o n a n d C H 4  pr o d u cti o n ar e sti m ul at e d w h e n e v er t h er e ar e l ar g e all o c ht h o n o us or g a ni c m att er 

s u bsi di es s u c h as t err estri al litt erf all ( R o b erts et  al.,  2 0 0 7 ) or D O C p uls es fr o m st or m fl o ws ( D e m ars, 2 0 1 9 ).

E v e n w h e n t h e str e a m w at er c ol u m n is w ell o x y g e n at e d, m e as ur a bl e C H 4  c o n c e ntr ati o ns a n d fl u x es ar e pr es e nt, 

i n di c ati n g t h e p ot e nti al f or r es pir ati o n at all l e v els o n t h e r e d o x l a d d er t o b e c o- o c c urri n g t hr o u g h o ut t h e s e di-

m e nts or i n t h e w at er c ol u m n ( B o g ar d et  al.,  2 0 1 4 ; M e g o ni g al et  al., 2 0 0 4 ). W h e n r es pir ati o n i n cr e as es, s o d o es 

t h e C H4 : C O2  r ati o ( Fi g ur e 3 ), m e a ni n g t h at t h e fr a cti o n of r es pir ati o n o c c urri n g t hr o u g h C H 4  pr o d u ci n g p at h w a ys 

is i n cr e asi n g. T his mi g ht i n di c at e t h at el e ctr o n a c c e pt ors ar e m or e li miti n g t h a n or g a ni c c ar b o n i n a n o xi c mi cr o-

sit es a n d C H 4  pr o d u cti o n pr o c e e ds i n t h e a bs e n c e of m or e e n er g eti c all y f a v or a bl e el e ctr o n a c c e pt ors ( M e g o ni g al 

et  al.,  2 0 0 4 ). I n d e e d, t h e s e di m e nts c o nt ai n l ar g e a m o u nts of b uri e d or g a ni c c ar b o n, a n d st or ms fr e q u e ntl y r e pl e n -

is h D O C i n t h e w at er c ol u m n ( Zi m m er & M c Gl y n n, 2 0 1 8 ).

I n N e w H o p e Cr e e k, t h e a n a er o bi c s c ali n g h y p ot h esis di d n ot e xt e n d t o N 2 O, a n i nt er m e di at e pr o d u ct of b ot h 

a n a er o bi c ( d e nitrifi c ati o n) a n d a er o bi c ( nitrifi c ati o n) m et a b oli c p at h w a ys ( Q ui c k et  al.,  2 0 1 9 ). S o m e st u di es h a v e 

f o u n d t h at i n cr e as e d r es pir ati o n pr e di cts N2 O fl u x es fr o m str e a ms ( B e a uli e u et  al.,  2 0 1 1 ; M a di n g er & H all, 2 0 1 9 ; 

R eisi n g er et  al.,  2 0 1 6 ). T his r el ati o ns hi p m a y aris e w h e n hi g h or g a ni c m att er a v ail a bilit y dri v es b ot h a er o bi c 

r es pir ati o n a n d d e nitrifi c ati o n, or if r es pir at or y d e m a n d d e pl et es o x y g e n, f a v ori n g t h e us e of nitr at e as a n alt er-

n ati v e el e ctr o n a c c e pt or t o f u el a n a er o bi c r es pir ati o n vi a d e nitrifi c ati o n ( R os a m o n d et  al.,  2 0 1 2 ). I n N e w H o p e 

Cr e e k, w e d o s e e a sli g ht i n cr e as e i n N 2 O fl u x es wit h l o w er o x y g e n, b ut t his r el ati o ns hi p is n ot str o n g. I nst e a d, 

i n N e w H o p e Cr e e k, fl u x es of N2 O b et w e e n t h e str e a m a n d at m os p h er e s hift fr o m o ut g assi n g w h e n r es pir ati o n 

is l o w t o n et i nfl u x at ti m es of hi g h r es pir ati o n ( Fi g ur e 3 ). I n f a ct, t h e str e a m w as a n et si n k of N2 O d uri n g t h e 

a ut u m n r es pir ati o n p e a k, t h o u g h, e v e n o n t h e d at e wit h t h e hi g h est r at e of N 2 O a bs or pti o n, t his offs ets o nl y 8 % of 

t h e t ot al fl u x of G H Gs i n C O2  e q ui v al e nts ( Fi g ur e S 8 i n S u p p orti n g I nf or m ati o n S 1 ).

T hr o u g h o ut t h e a ut u m n, nitr at e a p p e ars t o b e li miti n g N 2 O pr o d u cti o n as d e nitrifi ers ar e p ot e nti all y o ut- c o m p et e d 

b y a er o bi c h et er otr o p hs d uri n g t h e r es pir ati o n p e a k. I n t h e wi nt er a n d s pri n g, nitr at e d e m a n d dr o ps i n t h e a bs e n c e 

of l ar g e t err estri al or g a ni c m att er s u bsi di es a n d N 2 O c o n c e ntr ati o ns a n d fl u x es sl o wl y c at c h u p a n d r e m ai n hi g h 

t hr o u g h t h e s pri n g ( Fi g ur e 3 ). Nitr o g e n is n ot li miti n g i n t h e s pri n g i n N e w H o p e Cr e e k ( C o vi n o et  al.,  2 0 1 8 ), 

a n d d e nitrifi ers ar e a bl e t o c o e xist wit h a ut otr o p hs. A d diti o n all y, t h e r es p o ns e of C H 4  pr o d u cti o n t o i n cr e as e d 

r es pir ati o n is n ot as str o n g i n t h e s pri n g as i n t h e a ut u m n. O n e p ossi bl e e x pl a n ati o n of t his is t h at C H 4  pr o d u cti o n 

is r e d u c e d b y gr e at er a v ail a bilit y of N O3 , w hi c h is a m or e e n er g eti c all y f a v or a bl e el e ctr o n a c c e pt or t h a n or g a ni c 

c ar b o n ( M e g o ni g al et  al.,  2 0 0 4 ).

4. 3.  P h ysi c al C o nt r ols

I n str e a m p h ysi c al dri v ers ar e als o i m p ort a nt i n pr e di cti n g g as d y n a mi cs. C o n c e ntr ati o ns of C O 2  w er e c o nsist-

e ntl y l o w er d uri n g p eri o ds of w ar m er w at er t e m p er at ur es. T his r es ult is s o m e w h at c o u nt eri nt uiti v e gi v e n t h e w ell 

d o c u m e nt e d i n cr e as es i n m et a b oli c r at es wit h t e m p er at ur e ( Y v o n- D ur o c h er et  al.,  2 0 1 2 ; Z h u et  al., 2 0 2 0 ) b ut c a n 

b e e x pl ai n e d b e c a us e t h e hi g h e n er g y i n p ut t o t h e str e a m vi a litt erf all o c c urs d uri n g t h e l at e a ut u m n w h e n t e m p er -

at ur es ar e c ol d er ( Val ett et  al.,  2 0 0 8 ). T h o u g h s u bstr at e s u p pl y o v erri d es a n y eff e ct of t e m p er at ur e o n m et a b oli c 

C O 2  pr o d u cti o n, w ar m er t e m p er at ur es d o r e d u c e t h e s ol u bilit y of G H G, c o ntri b uti n g t o e n h a n c e d d e g assi n g. I n 

c o m bi n ati o n r e d u c e d s ol u bilit y a n d r e d u c e d s u bstr at e s u p pl y l e a d t o l o w er C O 2  c o n c e ntr ati o ns i n w ar m er m o nt hs.

L o n g w at er r esi d e n c e ti m es m a y f a v or a n a er o bi c m et a b olis m ( G o m e z- G e n er et  al.,  2 0 2 0 ). We s e e a disti n ct s hift 

t o w ar d hi g h er C H4 : C O2  r ati os wit h l o w er dis c h ar g e i n N e w H o p e Cr e e k ( Fi g ur e  6 ). A n i n cr e as e i n a n a er o bi c 

pr o c ess es wit h l o w dis c h ar g e m a y b e attri b ut e d t o hi g h er gr o u n d w at er e x c h a n g e or p or e w at er s e e p a g e ( T aill ar d at 

et  al.,  2 0 2 2 ), t h e d e v el o p m e nt of a n o xi c r e gi o ns wit hi n t h e c h a n n el, or l ess at m os p h eri c e x c h a n g e. G e o m or p h ol -

o gi es t h at h a v e c o nsist e ntl y l o w w at er v el o citi es s u c h as p o ols t e n d t o a c c u m ul at e fi n e s e di m e nts t h at s ettl e o ut 

of t h e w at er c ol u m n, cr e ati n g c o n diti o ns c o n d u ci v e t o s e di m e nt h y p o xi a ( St a nl e y et  al.,  2 0 1 6 ). All t h es e f a ct ors 

s u g g est t h er e w o ul d b e a gr e at er a c c u m ul ati o n of m et a b oli c b y pr o d u cts at l o w dis c h ar g e, a n d it is li k el y t h at wit h 

l o n g er r esi d e n c e ti m es, a gr e at er pr o p orti o n of t h os e b y pr o d u cts will b e fr o m l o w er o n t h e r e d o x l a d d er.

St or m fl o ws s hift t h e c o ntr ols o n g as fl u x a w a y fr o m i nstr e a m pr o d u cti o n i n f a v or of t err estri al i n p uts. T h e o nl y 

s a m pli n g d at e w h er e l ess t h a n h alf of t h e C O 2  fl u x w as d eri v e d fr o m i nstr e a m pr o d u cti o n w as o n t h e f alli n g li m b 
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of a l ar g e st or m ( Fi g ur e  5 ). T his c o ul d b e e x pl ai n e d b y l ar g e a m o u nts of t err estri al C O2  e nt eri n g i n fr o m gr o u n d-

w at er d uri n g t h e st or m (J o n es & M ul h oll a n d,  1 9 9 8 ) or b y t h e o p p ort u nisti c v e nti n g of a l ar g e q u a ntit y of C O 2  t h at 

h a d a c c u m ul at e d i n t h e str e a m, tr a p p e d b y l o w g as e x c h a n g e. T his s u g g ests t h at w hil e i nstr e a m c o ntr ols d o mi n at e 

i n N e w H o p e Cr e e k o n a v er a g e, st or ms m a y s er v e as t e m p or al c o ntr ol p oi nts w h e n i nfr e q u e nt b ut l ar g e i n p uts of 

i n or g a ni c c ar b o n c o ntr ol t h e b u d g et.

4. 4.  S p ati al C o nt r ols

Alt h o u g h m ost of t h e v ari ati o n i n g as es i n N e w H o p e Cr e e k w as s e as o n al, w e di d o bs er v e c o nsist e nt s p ati al 

p att er ns a cr oss s a m pli n g d at es ( Fi g ur e  2 ). T his v ari ati o n a p p e ars t o b e r el at e d t o c h a n n el str u ct ur e, wit h fl att er 

s e g m e nts wit h l o n g er w at er r esi d e n c e ti m es c h ar a ct eri z e d b y l o w er o x y g e n c o n c e ntr ati o ns a n d t h e a c c u m ul ati o n 

of m or e r es pir ati o n b y pr o d u cts. C H 4  is m or e li n k e d t o l o c al v ari a bilit y t h a n t h e ot h er g as es, a n d t h er e w er e 

c o nsist e nt c o ntr ol p oi nts w h er e C H 4  c o n c e ntr ati o ns w er e hi g h er, s u g g esti n g pr o d u cti o n fr o m a n a er o bi c m et a b o-

lis m or i n p ut fr o m gr o u n d w at er. T h e s p ati al v ari a bilit y i n all g as es w as t h e hi g h est i n t h e a ut u m n r es pir ati o n p e a k; 

a l o w fl o w ti m e w h e n t h e str e a m w as li k el y t o b e l osi n g w at er ( Zi m m er & M c Gl y n n,  2 0 1 7 ) w hi c h w o ul d r es ult i n 

mi ni m al gr o u n d w at er i n p uts a n d l ess mi xi n g wit h t h e h y p or h ei c z o n e ( F o x et  al.,  2 0 1 4 ), c o n diti o ns w hi c h f a v or 

a n a er o bi c m et a b oli c p at h w a ys.

I n N e w H o p e Cr e e k, s m all, oft e n st e e p, b e dr o c k riffl es s e p ar at e t h e l ar g e p o ols a n d cr e at e p oi nts of t ur b ul e nt 

mi xi n g, e v e n at l o w fl o ws. T h e y s er v e as c o ntr ol p oi nts f or g as e v asi o n, es p e ci all y i n t his l o w gr a di e nt str e a m 

w h er e g as e x c h a n g e c o effi ci e nts ar e u ni v ers all y l o w els e w h er e. T h es e e x ert str o n g c o ntr ol o n g as e v asi o n a n d 

c o nsist e ntl y m o v e g as es t o w ar d e q uili bri u m wit h t h e at m os p h er e i n all s e as o ns ( R o c h er- R os et  al.,  2 0 1 9 ).

5.  C o n cl usi o ns

Ver y f e w i n di vi d u al r es e ar c h st u di es h a v e c oll e ct e d s uffi ci e ntl y c o m pr e h e nsi v e d at a s ets t o esti m at e a n n u al G H G 

fl u x es fr o m ri v ers, still f e w er h a v e c oll e ct e d c o n c o mit a nt d at a t o e n a bl e r es e ar c h ers t o esti m at e gr o u n d w at er 

G H G c o ntri b uti o ns or str e a m r es pir ati o n r at es at t h e s a m e ti m e. T h e l a c k of s u c h i nf or m ati o n c urr e ntl y si g nifi -

c a ntl y li mits o ur a bilit y t o m e as ur e or m o d el h o w ri v eri n e c o ntri b uti o ns t o t h e gl o b al c ar b o n c y cl e ar e c h a n gi n g i n 

r es p o ns e t o t h e risi n g t e m p er at ur es, alt er e d h y dr ol o g y, a n d e n h a n c e d or g a ni c m att er a n d n utri e nt l o a ds t h at c h ar-

a ct eri z e m ost ri v ers of t h e A nt hr o p o c e n e. G H G fl u x es o ut of N e w H o p e Cr e e k ar e l o w r el ati v e t o r a n g es r e p ort e d 

i n t h e lit er at ur e ( Q ui c k et  al., 2 0 1 9 ; R a y m o n d et  al., 2 0 1 3 ; St a nl e y et  al., 2 0 1 6 ). L o n g w at er r esi d e n c e ti m es, l o w 

gr o u n d w at er i n p uts, a n d li mit e d r e a er ati o n cr e at e i d e al c o n diti o ns f or i nstr e a m m et a b oli c pr o c ess es t o dri v e G H G 

c o n c e ntr ati o ns a n d fl u x es. At ti m es, i nstr e a m p h ot os y nt h esis is hi g h e n o u g h t o d e pl et e str e a m C O 2  b el o w s at ur a-

ti o n a n d d uri n g p eri o ds of p e a k h et er otr o p hi c r es pir ati o n t h e ri v er b e c o m es a n et si n k f or N2 O. S e as o n al v ari ati o n 

i n i nstr e a m G P P a n d E R t h at dri v es t h e t e m p or al v ari ati o n i n G H Gs o bs er v e d t hr o u g h o ut N e w H o p e Cr e e k. We 

als o s e e c o nsist e nt diff er e n c es b et w e e n ri v er s e g m e nts li n k e d t o c h a n n el g e o m or p h ol o g y. Ri v er s e g m e nts wit h t h e 

l o n g est w at er r esi d e n c e ti m es st or e s u bst a nti al q u a ntiti es of or g a ni c m att er a n d ar e pri m ar y s o ur c es of r es pir at or y 

pr o d u cts ( C as as- R ui z et  al.,  2 0 1 7 ; G ó m e z- G e n er et  al., 2 0 1 5 ), w hil e r ar e hi g h v el o cit y s e cti o ns a ct as t h e c o ntr ol 

p oi nts at w hi c h t h e m aj orit y of G H Gs ar e v e nt e d t o t h e at m os p h er e ( R o c h er- R os et  al.,  2 0 1 9 ). O ur r es ults s u g g est 

t h at or g a ni c m att er i n p uts a n d st or a g e al o n g wit h n utri e nt li mit ati o n d et er mi n e t h e ti mi n g a n d m a g nit u d e of g as 

pr o d u cti o n w hil e h y dr ol o gi c r e gi m es a n d h y dr a uli c gr a di e nts c o nstr ai n t h es e r at es a n d d et er mi n e t h e b al a n c e 

b et w e e n i nstr e a m c o ntr ols a n d e xt er n al s o ur c es. O ur st u d y i n N e w H o p e Cr e e k pr o vi d es a n i m p ort a nt c o u nt er -

e x a m pl e t o t h e d o mi n a nt ass u m pti o n t h at t err estri al c o ntri b uti o ns d o mi n at e ri v eri n e G H G e missi o ns ( D u v ert 

et  al.,  2 0 1 8 ). W hil e c ert ai nl y tr u e at t h e gl o b al s c al e, t his ass u m pti o n m a y b e hi g hl y i n a c c ur at e f or m a n y r e gi o ns. 

T h e g e o m or p hi c c o n diti o ns a n d h u m a n m o difi c ati o ns t h at l e a d t o hi g h or g a ni c m att er a n d w at er r esi d e n c e ti m es 

i n N e w H o p e Cr e e k ar e n ot u ni q u e ( W o hl & M erritts, 2 0 0 7 ), w e s us p e ct t h at si mil ar i nstr e a m c o ntr ols o n ri v eri n e 

G H G e missi o ns will b e o bs er v e d i n l o w gr a di e nt h e a d w at er str e a ms t hr o u g h o ut t h e w orl d.

D at a A v ail a bilit y St at e m e nt

T h e gr e e n h o us e g as d at a a n d all c o v ari at es us e d f or t his m a n us cri pt a n d t h e c o d e us e d t o c o m pl et e all a n al ys es 

a n d g e n er at e t h e fi g ur es ar e a v ail a bl e at z e n o d o vi a htt ps:// d oi. or g/ 1 0. 5 2 8 1/ z e n o d o. 7 2 4 0 4 1 9  ( C art er, 2 0 2 2 ) wit h 

a G P L 3. 0 li c e ns e.
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