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Abstract
Northern	peatlands	provide	 a	 globally	 important	 carbon	 (C)	 store.	 Since	 the	be-
ginning of the 20th century, however, large areas of natural peatlands have been 
drained	 for	 biomass	 production	 across	 Fennoscandia.	 Today,	 drained	 peatland	
forests constitute a common feature of the managed boreal landscape, yet their 
ecosystem C balance and associated climate impact are not well understood, par-
ticularly	within	the	nutrient-	poor	boreal	region.	In	this	study,	we	estimated	the	net	
ecosystem	 carbon	 balance	 (NECB)	 from	 a	 nutrient-	poor	 drained	 peatland	 forest	
and an adjacent natural mire in northern Sweden by integrating terrestrial carbon 
dioxide	 (CO2)	 and	methane	 (CH4)	 fluxes	with	 aquatic	 losses	of	dissolved	organic	
C	 (DOC)	and	 inorganic	C	based	on	eddy	covariance	and	 stream	discharge	meas-
urements, respectively, over two hydrological years. Since the forest included a 
dense	 spruce-	birch	 area	 and	 a	 sparse	 pine	 area,	we	were	 able	 to	 further	 evalu-
ate	the	effect	of	contrasting	forest	structure	on	the	NECB	and	component	fluxes.	
We	 found	 that	 the	drained	peatland	 forest	was	a	net	C	sink	with	a	2-	year	mean	
NECB	of	−115 ± 5 g C m−2 year−1 while the adjacent mire was close to C neutral with 
14.6 ± 1.7 g C m−2 year−1.	The	NECB	of	the	drained	peatland	forest	was	dominated	
by the net CO2	exchange	(net	ecosystem	exchange	[NEE]),	whereas	NEE	and	DOC	
export	fluxes	contributed	equally	to	the	mire	NECB.	We	further	found	that	the	C	
sink	strength	in	the	sparse	pine	forest	area	(−153 ± 8 g C m−2 year−1)	was	about	1.5	
times	as	high	as	in	the	dense	spruce-	birch	forest	area	(−95 ± 8 g C m−2 year−1)	due	to	
enhanced C uptake by ground vegetation and lower DOC export. Our study sug-
gests	that	historically	drained	peatland	forests	in	nutrient-	poor	boreal	regions	may	
provide a significant net ecosystem C sink and associated climate benefits.
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1  |  INTRODUC TION

Peatlands are the most widespread type of wetlands globally 
(Joosten	&	Clarke,	2002)	and	provide	an	 important	 long-	term	sink	
for	carbon	 (C)	due	to	a	persistent	positive	 imbalance	between	the	
C input through net primary production and loss via organic mat-
ter	decomposition	(Clymo,	1984).	However,	anthropogenic	activities	
have altered the peatland C cycle and associated climate impact 
(Turetsky	et	al.,	2002).	Specifically,	up	to	35%	of	20 Mha	of	peatland	
in	Fennoscandia	have	been	drained	since	the	beginning	of	the	20th	
century	with	the	goal	to	increase	timber	production	(Eliasson,	2008; 
Paavilainen & Päivänen, 1995).	 These	 drainage	 activities	 are	 well	
documented to enhance peat decomposition and associated soil C 
losses	(Laine	et	al.,	1995),	due	to	which	drained	peatland	forests	are	
considered by default as C sources in national emission reporting 
(Hiraishi	et	al.,	2014).	The	few	studies	exploring	the	ecosystem-	scale	
C	balance	(i.e.	including	soil	and	tree	C	fluxes)	of	northern	peatland	
forests, however, suggest that while some of these areas act as C 
sources	 (Laine	 et	 al.,	 2019; Lohila et al., 2007),	 others	 constitute	
significant	C	 sinks	 (Lohila	 et	 al.,	2011; Meyer et al., 2013; Ojanen 
et al., 2013).	Thus,	there	is	a	need	to	improve	our	knowledge	of	the	
ecosystem C balance and associated climate impact of drained bo-
real peatland forests.

Soil fertility, hydrology and climate appear as key factors de-
termining the variations in the C balance of boreal peatland for-
ests.	 Specifically,	 peat	 mineralization	 and	 subsequent	 carbon	
dioxide	 (CO2)	 emission	 rates	 are	 commonly	 higher	 in	 nutrient-	
rich,	well-	drained	soils	and/or	warmer	climate	regions,	compared	
to	 nutrient-	poor	 soils,	 higher	water	 levels	 and/or	 colder	 regions	
(Ojanen	 et	 al.,	 2013; Silvola, 1986).	 At	 present,	 however,	 data	
on	 the	 annual	 ecosystem-	scale	 C	 balance	 of	 northern	 peatland	
forests	 exist	 primarily	 from	 a	 fertile	 hemi-	boreal	 site	 (Meyer	
et al., 2013)	as	well	as	from	a	fertile	(Lohila	et	al.,	2007)	and	infer-
tile	site	(Lohila	et	al.,	2011; Minkkinen et al., 2018)	in	the	southern	
boreal region. In comparison, data for the relatively larger mid-
dle	and	northern	boreal	 regions	 (Ahti	et	al.,	1968)	 are	 limited	 to	
only one but extensive study of a north–south transect across 
Finland	 (Ojanen	 et	 al.,	2013).	While	 that	 study	 combined	 cham-
ber	measurements	of	soil	fluxes	during	the	snow-	free	season	with	
tree	 production	 estimates,	 year-	round	 and	 direct	measurements	
of	the	ecosystem-	scale	C	balance	using	the	eddy	covariance	(EC)	
technique	(Baldocchi,	2003)	are	lacking	for	peatland	forests	in	the	
more	 nutrient-	poor	 middle	 and	 northern	 boreal	 regions.	 Given	
large	 gradients	 in	 soil	 fertility	 (Callesen	 et	 al.,	2007),	 hydrology	
(Laudon	 &	 Hasselquist,	 2023)	 and	 climatic	 conditions	 across	
Fennoscandia,	 a	 comprehensive	 database	 is	 critical	 for	 a	 better	
understanding of how these key factors regulate the C balance of 
drained peatland forests across the boreal biome.

Apart	from	its	effects	on	CO2 fluxes, drainage also alters meth-
ane	(CH4)	production	and	oxidation	dynamics.	Specifically,	drained	
peatland forests commonly have lower CH4 emissions compared to 
pristine mire sites and may even act as a sink of CH4	 (Korkiakoski	
et al., 2017; Lohila et al., 2011).	Considering	 its	powerful	warming	

potential relative to CO2	 (i.e.	81	and	28	 times	higher	during	a	20-		
and	 100-	year	 time	 frame,	 respectively;	 IPCC,	 2022),	 changes	 in	
CH4 fluxes may strongly modify the net climate impact of peatland 
forestry. Yet, while previous CH4 flux estimates in drained boreal 
peatland forests rely on chamber measurements of soil fluxes 
(Korkiakoski	et	al.,	2017; Meyer et al., 2013; Ojanen et al., 2013),	EC-	
based estimates of the whole ecosystem CH4 exchange, capturing 
also	potentially	significant	emissions	via	trees	(Ranniku	et	al.,	2023; 
Vainio et al., 2022)	and	from	ditches	(Peacock	et	al.,	2021),	are	not	
available to date.

In addition to the terrestrial ecosystem–atmosphere exchange 
of	C,	the	aquatic	C	export	via	discharge	may	represent	another	im-
portant but often overlooked component of the boreal peatland C 
cycle	(Cole	et	al.,	2007;	Nilsson	et	al.,	2008).	Aquatic	C	fluxes	in	the	
form	of	dissolved	organic	C	(DOC)	and	dissolved	inorganic	C	(DIC;	
including dissolved CO2 and CH4)	 are	strongly	coupled	with	vege-
tation	 structure	 and	hydrological	 regime	 (Moore,	2003;	Neubauer	
& Megonigal, 2021)	and	thus	subject	to	change	following	drainage	
(Evans	et	al.,	2016;	Nieminen	et	al.,	2021).	However,	while	the	aquatic	
C loss has been integrated with terrestrial fluxes to estimate the net 
ecosystem	carbon	balance	 (NECB;	Chapin	et	 al.,	2006)	 for	natural	
mires	(Koehler	et	al.,	2011;	Nilsson	et	al.,	2008; Roulet et al., 2007),	
such	holistic	assessment	of	the	NECB	has	not	been	conducted	for	
boreal drained peatland forests.

Variations in the C balance of drained peatland forests may 
also result from differences in forest structure. Specifically, tree 
density has been suggested as control of CO2	 (Alm	et	 al.,	2007; 
Badorek	 et	 al.,	 2011; Minkkinen et al., 2018),	 CH4	 (Minkkinen	
et al., 2007; Ojanen et al., 2010)	 and	 aquatic	 C	 flux	 dynamics	
(Finstad	 et	 al.,	2016;	Nieminen	 et	 al.,	2021)	 in	 drained	 peatland	
ecosystems. In addition, feedbacks between tree transpiration 
rates	and	water	table	level	(WTL)	response	may	continuously	im-
prove	 the	 conditions	 for	 tree	 growth	 (Sikström	&	Hökkä,	2016)	
and	modify	aquatic	C	export	dynamics	(Laine	et	al.,	1996; Pastor 
et al., 2003).	Higher	 stand	volume	may	also	enhance	 the	 rate	of	
root exudation and soil litter production, resulting in greater la-
bile	 DOC	 pools	 and	 altered	 soil	 biogeochemistry	 (Palviainen	
et al., 2022).	However,	while	previous	studies	noted	tree	density	
effects on individual C cycle components, the role of forest struc-
ture	in	regulating	the	integrated	NECB	of	drained	peatland	forests	
remains unclear.

In this study, we combined data on the net ecosystem ex-
changes of CO2 and CH4	with	aquatic	C	export	estimates	with	the	
aim	to	assess	the	NECB	of	a	drained	forest	peatland	and	an	adjacent	
natural	mire	in	the	nutrient-	poor	boreal	region	of	Northern	Sweden.	
The	specific	objectives	were	to	 (1)	quantify	the	annual	NECB	and	
the relative contributions of its individual component fluxes for a 
drained	peatland	forest	and	an	adjacent	natural	mire,	 (2)	compare	
the	responses	of	the	NECB	component	fluxes	to	key	environmen-
tal	variables	 in	drained	and	natural	peatlands	and	(3)	evaluate	the	
effect	 of	 forest	 structure	 (i.e.	 primarily	 tree	 density	 and	 species	
composition)	on	 the	NECB	and	 its	 component	 fluxes	 in	a	drained	
peatland forest.
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2  |  MATERIAL S AND METHODS

2.1  |  Site description

This study was conducted at the Hälsingfors drained peatland for-
est	 (HDPF)	 (64°09′ N,	 19°33′ E)	 and	 a	 nearby	 natural	 mire	 which	
are	 part	 of	 the	 Kulbäcksliden	 Research	 Infrastructure	 (Noumonvi	
et al., 2023),	 located	 in	 the	 municipality	 of	 Vindeln,	 county	 of	
Västerbotten,	Northern	 Sweden	 (Figure 1).	 The	 study	 site	 is	 situ-
ated	 in	 the	middle	boreal	 region	 (Ahti	et	al.,	1968),	experiencing	a	
30-	year	mean	 (1990–2020)	 annual	 precipitation	 of	 645 mm	 and	 a	
mean annual temperature of +3.0°C	(based	on	climatic	data	from	the	
nearby	 Kulbäcksliden	 reference	 station;	 64°11′05′′ N	 19°34′43″ E,	
275 m a.s.l.).	The	mean	June	and	July	temperatures	are	+12.6°C	and	
+15.4°C,	respectively.	The	length	of	the	growing	season,	defined	as	
the period in which daily temperature exceeds +5°C	for	three	con-
secutive days with reference to the Swedish Meteorological and 
Hydrological	Institute	(SMHI),	was	146	(26th	May	to	19th	October),	
132	 (25th	 May	 to	 4th	 October)	 and	 156 days	 (14th	 May	 to	 17	
October)	during	the	three	measurement	years	2020–2022.

The	HDPF	was	originally	an	oligo-	minerotrophic	mire.	Based	on	the	
analysis	of	147	tree-	ring	samples,	a	substantial	establishment	of	trees	
took	place	about	130 years	ago,	which	likely	corresponds	to	the	time	
shortly	after	the	drainage	ditch	network	was	established.	No	manage-
ment or logging has occurred since drainage and natural tree seedling 
establishment, yet currently most ditches still maintain substantial 
drainage capacity. The northern part has a slightly higher altitude 
(~5 m),	resulting	in	an	active	flow	of	water	along	the	ditches	from	north	
to south. The site includes two distinct areas, located broadly east and 
west of the flux tower, which differ in tree density, species composition 
and volume. Specifically, the eastern area is characterized by a sparsely 
treed	 Scots	 pine	 (Pinus sylvestris	 L.)	 forest	 where	 Sphagnum fuscum 
dominates the forest floor. The western area resembles a relatively 
dense	forest	composed	primarily	of	downy	birch	(Betula pubescens L.; 
56%	based	on	stem	density)	and	Norway	spruce	(Picea abies	L.;	37%	
based	on	stem	density)	species,	where	dwarf	shrubs	Vaccinium myrtil-
lus L. and V. vitis- idaea as well as the forest mosses Pleurozium schre-
beri and Dicranum	sp.	dominate	the	forest	floor	vegetation	(Table 1).	
The sparse and dense forest areas are classified as dwarf shrubs and 
bilberry-	horsetail	types,	respectively,	according	to	Hånell	(1991).	A	tree	

F I G U R E  1 (a)	Geographical	location	and	experimental	setup	at	the	Hälsingfors	drained	peatland	forest	and	mire	sites,	and	(b)	peat	depth	
distribution	at	the	drained	peatland	forest	area.	In	(a),	the	white	contours	around	each	tower	denote	the	50%,	70%	and	90%	footprint	
contours	of	the	eddy	covariance	system	using	Flux	Footprint	Prediction	(FFP)	(Kljun	et	al.,	2015).	The	light	and	dark	blue	lines	denote	the	
natural	stream	and	man-	made	ditches,	respectively.	In	(b),	contour	map	of	peat	depth	was	created	using	a	marching	squares	algorithm	
followed	by	spline	interpolation,	using	the	raw	data	measured	at	81	evenly	distributed	points	(coloured	dots).
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inventory conducted in the 12 sample plots during May 2018 indicated 
that stem density and volume were about two to three times as high in 
the	dense	forest	than	in	the	sparse	forest.	The	mean	(±standard	error)	
soil	 carbon/nitrogen	 ratio	 (CN	 ratio)	over	0–40 cm	depth	was	42 ± 3	
and	31 ± 3	at	the	sparse	and	dense	forest	areas,	respectively,	based	on	
the	soil	data	sampled	at	the	same	12	sample	plots	during	August	2018.	
Using	an	81-	point	sampling	grid	with	50 × 50 m	spacing,	the	estimated	
peat	depth	ranged	from	10	to	264 cm	(mean:	142 ± 13 cm)	in	the	sparse	
forest	and	from	12	to	225 cm	(mean:	65 ± 7 cm)	in	the	densely	forested	
area. The shallower depths in the dense forest were due to the pres-
ence	of	local	moraine	ridges	(Figure 1b).

The adjacent Hälsingfors natural mire is a topogenous and oli-
gotrophic	 fen	 located	north	of	HDPF	 (Figure 1a).	The	mire	area	 is	
dominated	by	lawns	and	carpets	with	short	sedges	(e.g.	Eriophorum 
vaginatum, Scheuchzeria palustris, Trichophorum cespitosum),	 and	
Sphagnum	 mosses	 (e.g.	 Sphagnum papillosum and Sphagnum subg. 
Cuspidata),	 as	well	 as	 tall	 sedges	 (e.g.	Carex rostrata)	 at	muddy	 or	
loose	bottoms	 (Noumonvi	et	al.,	2023).	Woody	dwarf	shrubs	such	
as Empetrum nigrum and Calluna fuscum have also been identified 
on some hummocks. Surficial water flowing through the mire is col-
lected at the mire outlet from where it enters the ditch network of 
the	drained	peatland	forest	area	(Figure 1a).

2.2  |  Measurements of net ecosystem greenhouse 
gas exchanges and environmental conditions

Continuous measurements of net ecosystem CO2, CH4 and 
water	 (H2O)	 exchanges	 were	 conducted	 with	 the	 EC	 method	

(Baldocchi,	2003).	At	the	HDPF	site,	fluctuations	of	wind	and	tem-
perature	were	measured	at	10 Hz	by	a	three-	dimensional	ultrasonic	
anemometer	uSonic-	3	Class	A	anemometer	(Metek	GmbH,	Germany)	
at	 20.2 m	 height	 on	 a	 telescopic	 tower	 located	 on	 the	 border	 be-
tween	the	sparse	and	dense	forest	areas	(Figure 1a).	Fluctuations	of	
CO2, CH4 and H2O	concentrations	were	measured	by	a	closed-	path	
CRDS	LGR-	FGGA	analyser	(Model	908-	0010;	USA).	The	air	inlet	was	
fixed at same height as the anemometer with a horizontal separa-
tion	 of	 19 cm.	 The	 air	was	 drawn	 through	 a	 polypropylene	 tubing	
(Synflex	1300,	2.2 mm	 inner	diameter,	21 m	 length)	by	an	external	
pump	(Edwards	Nxds,	UK)	into	the	analyser	sample	cell	at	8 L min−1.

The	tower	at	 the	Hälsingfors	mire	was	equipped	with	a	Metek	
Usonic-	3	ClassA	anemometer	installed	at	2.75 m	height.	The	concen-
trations of CO2, H2O and CH4	were	measured	at	10 Hz	with	a	Picarro	
G2311-	f	 gas	 analyser	housed	within	 a	 climate-	controlled	box.	The	
air	intake	tube	was	a	custom-	made	heated	intake	tube	coupled	with	
a	Licor	rain	cap	(part	number:	9972-	072).	An	auxiliary	pump	(KNF,	
Germany)	maintained	high	flow	rates	(7.5 L min−1)	to	ensure	turbulent	
conditions within the sample tube. The data were digitally streamed 
from the Picarro to a Campbell CR6 datalogger accounting for digital 
delays	between	the	two	(Fratini	et	al.,	2018).	The	first	7 months	of	
fluxes	 at	 the	mire	 (June	 7th	 2020	 to	November	 10th	 2020)	were	
measured	using	a	CPEC	306	system	including	a	closed-	path	EC155	
for CO2 and H2O	analyser	(Campbell	Scientific,	Inc.,	Logan,	UT,	USA)	
and	a	Licor	7700	analyser	 (Li-	COR	Biosciences,	USA)	 for	CH4 flux 
measurements.

At	both	sites,	the	high-	frequency	EC	data	were	processed	with	
the	open-	source	EddyPro	flux	calculation	software	(v7.0.4;	Li-	COR	
Biosciences,	USA)	and	averaged	into	half-	hourly	CO2, CH4 and H2O 
flux	estimates	following	standard	protocols	for	quality	control	and	
corrections. Specifically, double coordinate rotation was used 
with the three wind velocity components to align the sonic ane-
mometer	along	the	 local	wind	streamlines	 (Wilczak	et	al.,	2001).	
Linear trends were removed using block averaging over each 
30-	min	averaging	period	(Gash	&	Culf,	1996).	Time	lags	between	
vertical wind speed and gas concentration were determined by 
automatic	 time	 lag	optimization	method	with	a	maximum	of	30 s	
searching	window	(Rebmann	et	al.,	2012).	After	removing	period	
with	low	signal	strength	of	EC	instruments,	the	remaining	30-	min	
CO2, CH4 and H2O	data	were	then	filtered	for	non-	steady	state	or	
low	turbulent	conditions	following	the	quality	flags	described	by	
Foken	et	al.	 (2004).	At	the	forest	site,	 low	turbulence	conditions	
were detected and filtered out based on the decoupling of the 
above	and	below	canopy	vertical	wind	speed	(Jocher	et	al.,	2018; 
Thomas et al., 2013),	with	the	latter	continuously	measured	by	an	
additional	ultrasonic	anemometer	 (Adolf	Thies	GmbH,	Germany)	
installed on a tripod at two metres above the ground. The de-
coupling threshold values for above and below canopy standard 
deviation of vertical wind velocity are presented in Figure S1.	At	
the mire, a friction velocity threshold was determined based on 
the	change	point	detection	method	(Barr	et	al.,	2013)	and	applied	
to filter out data during low turbulent conditions. Statistical out-
liers	 defined	by	 any	half-	hour	 fluxes	 that	 exceeded	±2 standard 

TA B L E  1 Soil	(0–40 cm	depth)	and	vegetation	properties	for	the	
sparse and dense forest areas at the Hälsingfors drained peatland 
forest.

Sparse forest Dense forest

Carbon	content	(%) 52 ± 1 51 ± 5

Nitrogen	content	(%) 1.3 ± 0.1 1.7 ± 0.2

CN	ratio 42 ± 3 31 ± 3

Mean	stem	density	(stems ha−1) 620 1870

Mean	stem	volume	(m3 ha−1) 52 131

Mean	tree	height	(m) 8.7 10.0

Maximum	tree	height	(m) 14.4 18.9

Mean	tree	diameter	(cm) 12.5 10.8

Tree	species	composition	(%)

Pinus sylvestris 90 7

Picea abies 9 37

Betula pubescens 1 56

Forest	floor	biomass	(g m−2)

Mosses	(capitula) 408 231

Dwarf shrubs 269 200

Graminoid 17 0

Note: Tree species composition is based on the number of stems with a 
diameter	at	breast	height	≥40 mm.

 13652486, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17246 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [22/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  5 of 17TONG et al.

deviations	 from	 the	 30-	day	moving	window	mean	 for	 that	 half-	
hour	were	 further	discarded.	At	 the	 forest	site,	 the	 filtered	data	
were then partitioned into sparse and dense forest areas accord-
ing	to	wind	direction	(Figure 1a).	After	all	quality	control	and	fil-
tering	steps,	33%,	29%	and	42%	of	all	half-	hourly	CO2, CH4 and 
H2O values, respectively, remained for the measurement period. 
This	 includes	19%,	17%	and	26%	of	all	half-	hourly	CO2, CH4 and 
H2O	values	 from	the	dense	forest	area,	and	14%,	12%	and	16%,	
respectively,	 from	 the	 sparse	 forest	 area	 (Figure S2).	 Variations	
in the data coverage over the measurement period are shown in 
Figure S2.	At	the	mire,	36%,	50%	and	38%	of	all	half-	hourly	fluxes	
of CO2, CH4 and H2O	remained,	respectively,	after	the	quality	con-
trol and data filtering procedures.

To	obtain	 annual	 flux	 sums,	 the	half-	hourly	 periods	with	miss-
ing CO2 and H2O flux data were filled using the machine learning 
method	 called	 extreme	 gradient	 boosting	 (XGBoost)	 which	 was	
previously recommended in particular for northern flux stations 
(Kämäräinen	et	al.,	2022; Vekuri et al., 2023).	A	comparison	analysis	
confirmed	that	XGBoost	outperformed	the	commonly	applied	mean	
diurnal	 sampling	 (MDS)	method	at	our	 study	sites	 (Figures S3 and 
S4).	The	XGBoost	models	were	developed	using	temporal	indicators	
(yearly	sine,	yearly	cosine	and	decimal	day	of	 the	year)	along	with	
environmental variables including photosynthetic active radiation 
(PAR),	 air	 temperature	 (Ta),	 soil	 temperature	 (Ts),	 relative	 humidity	
(RH)	and	vapor	pressure	deficit	measured	at	the	site	(see	below).	The	
10-	fold	cross	validation	results	indicate	reliable	performance	of	the	
models	(R2 = .84–.90;	Figure S3),	in	comparison	to	the	MDS	method	
(R2 = .81–.84;	 Figure S4).	 The	 gap-	filled	 net	 ecosystem	 exchange	
(NEE)	was	further	partitioned	into	ecosystem	respiration	(Reco)	and	
gross	 primary	 productivity	 (GPP)	 using	 the	 nighttime-	based	 parti-
tioning	method	(Reichstein	et	al.,	2005),	which	was	implemented	in	
ReddyProc	(Wutzler	et	al.,	2018).	The	gap-	filled	GPP	was	then	cal-
culated	as	 the	difference	between	NEE	and	Reco. CH4 fluxes from 
the	mire	were	gap-	filled	using	the	random	forest	machine	learning	
algorithm,	 as	 recommended	 by	 Irvin	 et	 al.	 (2021).	 Given	 that	 the	
relatively smaller CH4 fluxes in the forest did not strongly correlate 
with any of the measured environmental variables, gaps were filled 
with	the	running	average	in	a	15-	day	window,	centred	on	the	data	
gap. The uncertainty associated with random measurement errors 
and	gap-	filling	errors	was	quantified	using	Monte	Carlo	simulations	
following	Richardson	and	Hollinger	(2007).

Water table level and Ts	at	2,	10,	15,	30	and	50 cm	depths	were	
continuously	recorded	with	CS451	pressure	transducers	(Campbell	
Scientific,	 Inc.)	 and	 TR03	 sensors	 (TOJO	 Skogsteknik	 Bygdeå,	
Sweden),	 respectively,	 at	 four	 separated	 soil	 pits	 at	HDPF	 (two	 in	
each	of	the	sparse	and	dense	forest	areas)	 (Figure 1b)	and	the	ad-
jacent	mire	 (two	 in	 hummocks	 and	 two	 in	 lawns).	 Ambient	Ta and 
RH	above	the	tree	canopy	and	at	2 m	above	the	mire	surface	were	
continuously measured at the corresponding tower locations with 
HC2S3	sensor	(Campbell	Scientific,	Inc.).	Normalized	difference	veg-
etation	 index	 (NDVI)	was	 determined	 from	 the	 ratios	 of	 reflected	
over	incident	radiation	at	red	(640–660 nm)	and	near-	infrared	(800–
820 nm)	spectral	bands	using	a	pair	of	upward	and	downward	looking	

spectral	reflectance	sensors	(METER	Group,	Inc.,	WA,	USA)	installed	
on the top of the towers monitoring the mire and the forest cano-
pies.	Midday	NDVI	was	 calculated	 as	 the	 average	 of	 the	 readings	
between	10:00 a.m.	and	2:00 p.m.	local	time	(GMT + 1).	Net	radiation	
(Rn)	and	its	separate	in-		and	outgoing	short-		and	long-	wave	compo-
nents	 were	 determined	with	 a	 CNR4	 sensor	 (Campbell	 Scientific,	
Inc.).	 PAR	was	measured	 using	 an	 Li-	190	 quantum	 sensor	 (Li-	Cor,	
Inc.).	At	HDPF,	Ta,	RH,	NDVI,	Rn	and	PAR	were	measured	both	at	the	
flux tower viewing the dense forest area as well as on a meteorolog-
ical	tower	within	the	sparse	forest	area	(Figure 1).	Data	from	these	
automated	sensors	were	logged	on	CR1000	data	loggers	(Campbell	
Scientific,	Inc.)	at	1-	min	intervals	and	stored	as	half-	hourly	averages.

2.3  |  Manual chamber measurements of forest 
floor CO2 and CH4 exchanges

During the growing seasons of 2020–2022, forest floor CO2 and 
CH4 fluxes were measured in each of the 12 sample plots using 
the	 closed	 dynamic	 chamber	 method	 (Livingston	 &	 Hutchinson,	
1995).	Measurements	were	performed	 fortnightly	during	daytime.	
Permanently	 installed	 square	 aluminium	 frames	 (48.5 × 48.5 cm)	
were	inserted	5 cm	below	the	soil	surface.	The	detailed	procedures	
for calculating the net forest floor CO2	exchange	(NEff)	and	its	pro-
duction	(GPPff)	and	respiration	(Rff)	components	as	well	as	the	forest	
floor CH4 exchange are described in the Data S1.

Poor	 quality	 flux	 data,	 defined	 by	 the	 root-	mean-	square	 error	
(RMSE)	and	r2 of the chosen slope of dC/dt, were filtered out before 
further analysis. Specifically, CO2	 fluxes	with	RMSE > 3.0 ppm	and	
r2 < .90,	CH4	fluxes	with	RMSE > 5.0 ppb	and	r

2 < .90,	were	removed.	
These	quality	control	procedures	led	to	the	removal	of	about	4.6%	
and	8.8%	of	all	measured	CO2 and CH4	fluxes,	respectively.	Note	that	
the sign convention in this study is such that positive and negative 
values indicate that the ecosystem is a source and sink, respectively.

Ambient	Ta, chamber headspace Ta, along with Ts	at	5	and	10 cm	
depth	 (Ts5, Ts10)	 outside	 the	 frame	were	 recorded	manually	during	
each	flux	measurement	using	a	handheld	temperature	meter	(shaded	
from direct sunlight during Ta	 measurement).	 PAR	 was	 measured	
with	a	Hobo®	pendant	radiation	sensor	with	built-	in	loggers	(Onset	
Computers,	Bourne,	MA,	USA)	and	soil	moisture	within	 the	upper	
5 cm	 (SM)	 was	 measured	 at	 three	 sides	 around	 the	 frame	 during	
each flux measurement using a GS3 combined moisture–tempera-
ture	sensor	(METER	Group,	Inc.,	WA,	USA)	connected	to	a	ProCheck	
data	logger	(METER	Group,	Inc.).	Manual	WTL	measurements	were	
taken	inside	PVC	groundwater	tubes	(Ø = 32 mm	external	and	26 mm	
inside,	125 cm	long	with	3 mm	perforated	holes	every	2.5 cm)	adja-
cent	to	each	measurement	frame	and	 inserted	to	about	1 m	depth	
into the peat.

It is noteworthy that we also conducted a chamber measurement 
campaign	in	August	2020	for	quantifying	N2O fluxes at the 12 sam-
pling	points	in	HDPF	following	the	method	by	Tong	et	al.	(2022).	The	
fluxes	were	very	small	with	a	mean	of	−2.9 ± 18 μg N m−2 h−1	(Figure S5)	
and	equivalent	to	<1%	of	the	CO2 flux in the same period even when 
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6 of 17  |     TONG et al.

accounting	for	the	298	higher	warming	potential	of	N2O relative to 
CO2.	Hence,	N2O	emissions	 from	this	nutrient-	poor	ecosystem	ap-
peared negligible and were not further considered in this study.

2.4  |  Aquatic C export via stream discharge

To	estimate	 the	aquatic	C	export,	we	established	three	weirs	 in	 the	
study area: one each at the outlets of the ditch network sections 
that drain the sparse and dense forest areas, and one at the transi-
tion between the mire outlet and the inflow of the main drainage ditch 
(Figure 1a).	The	rate	of	aquatic	DOC	and	DIC	export	was	determined	
by multiplying the discharge flow rate with the concentration of the 
DOC and DIC. Due to initial issues with leakage at the newly built 
weirs,	 and	 to	obtain	year-	round	data,	 the	hourly	discharge	 rate	was	
ultimately determined from continuous recordings of stream water 
level	and	established	height-	discharge	rating	curves	at	the	nearby	(2.6	
and	3.1 km	north	from	the	mire	and	forest	area,	respectively)	Degerö	
Stormyr	catchment	(C18)	using	a	Parshall	flume	inside	a	housed	heated	
shed	(Leach	et	al.,	2016).	The	discharge	at	C18	was	used	to	estimate	
the specific discharge in all catchments, which was then multiplied with 
the	annual	discharge	(Q)	estimated	with	a	water	balance	approach:

where P is rainfall; E is the evapotranspiration amount estimated 
using	the	gap-	filled	discharge	flux	measured	at	the	mire	and	forest	
EC	towers,	 the	 latter	of	which	was	 further	partitioned	 into	sparse	
and	dense	forest	areas	(see	Section	2.1);	and	S is the change in water 
storage calculated by multiplying soil porosity and annual WTL 
change	(P, E and S	all	in	mm).	This	approach	has	been	widely	applied	
in	previous	studies	conducted	in	flat	landscapes	(Ågren	et	al.,	2008).

Concentrations of DOC and DIC were determined regularly re-
sulting in a total of 29 stream water samples collected per weir and 
hydrological	year	 (i.e.	 from	1st	October	 to	30th	September	of	 the	
following	 year),	 with	 intensive	 samplings	 of	 11–12	 sampling	 cam-
paigns	occurring	during	high	 flow	at	 snow	melt	 flood	 in	April	 and	
May.	The	DOC	concentration	was	quantified	using	a	Shimadzu	TOC-	
CPCH	analyser	 (Ågren	et	al.,	2007;	Buffam	et	al.,	2007)	under	the	
procedure	 described	 in	Wallin	 et	 al.	 (2011),	whereas	DIC	was	 de-
termined	using	a	headspace	method	 (Wallin	et	al.,	2013).	Previous	
studies in boreal Swedish surface waters have indicated negligible 
particulate organic C concentrations relative to the dissolved frac-
tion	(Laudon	et	al.,	2011; Leach et al., 2016);	thus,	the	concentration	
of total organic C was assumed to represent DOC in this study.

3  |  RESULTS

3.1  |  Environmental conditions

The	magnitudes	and	seasonal	dynamics	of	PAR	were	similar	during	
the	study	period	(Figure 2a).	During	the	two	hydrological	years,	the	
annual mean Ta	at	the	study	area	was	3.4	and	2.8°C,	being	slightly	

above	 the	 long-	term	 (2001–2020)	mean	 of	 2.5°C	 recorded	 at	 the	
nearby	ICOS	Degerö	site	(~3.0 km	north	of	HDPF).	The	daily	mean	
Ta	peaked	between	22.6	and	23.9°C	in	July	during	the	three	grow-
ing	 seasons	 (Figure 2b).	 The	mean	 and	maximum	Ts15 was consid-
erably	higher	 at	 the	mire	 (mean:	6.2°C;	maximum:	19.6°C)	 than	at	
the	sparse	(mean:	4.9°C;	maximum:	13.7°C)	and	dense	forest	areas	
(mean:	4.6°C;	maximum:	12.1°C)	over	the	two	hydrological	years	in	
HDPF.

The	NDVI	started	to	increase	in	May	for	both	hydrological	years	
and	 peaked	 in	 July	 over	 both	 HDPF	 and	 the	 mire,	 but	 the	 mean	
midday	estimates	during	the	snow-	free	period	of	June–October	di-
verged	with	0.57,	0.69	and	0.43	 in	 the	sparse	forest,	dense	forest	
and	mire,	respectively	(Figure 2d).	In	August,	early	declines	of	NDVI	
were	observed	at	the	mire	compared	to	HDPF	in	each	of	the	three	
growing seasons.

The	annual	precipitation	was	977	and	629 mm	for	the	two	hydro-
logical	years,	the	former	being	significantly	above	the	20-	year	aver-
age	(670 mm),	with	nearly	all	of	the	additional	precipitation	occurring	
during	June–October	(Figure 2c).	The	dense	forest	area	had	the	low-
est	WTL	 (mean:	 −32 cm;	 range:	 −53	 to	 −12 cm)	 between	May	 and	
November,	as	compared	to	the	sparse	forest	(mean:	−15 cm;	range:	
−32	to	+3 cm)	and	the	mire	(mean:	−6 cm;	range:	−19	to	+9 cm)	during	
the	two	hydrological	years	(Figure 2c).

3.2  |  Seasonal and annual NEE of CO2 and CH4

The	NEE	measurements	extended	from	March	2020	to	September	
2022	 (Figure 3a; Figure S7a).	During	 this	 period,	HDPF	was	 a	net	
CO2	sink	from	April	until	September,	whereas	a	net	emission	peak	of	
CO2 was recorded in October. In the sparse forest, the cumulative 
annual	NEE	was	−162 ± 10	and	−167 ± 11 g C m−2 year−1, while the an-
nual	NEE	in	the	dense	forest	was	−98 ± 10	and	−138 ± 9 g C m−2 year−1 
for the two hydrological years, respectively. Maximum mean uptake 
of	−5.3	and	−5.1 g C m−2 day−1 were recorded in June in the sparse 
and dense forest, respectively. The mire remained as a net CO2 
sink	with	a	maximum	rate	of	−2.3 g C m−2 day−1 during June or July, 
while	during	other	periods,	the	NEE	remained	close	to	zero	except	
for	 small	 emission	 of	 0.32 g C m−2 day−1	 during	 autumn	 (October	
and	November).	 The	 annual	NEE	 of	 the	mire	was	 at	 2.9 ± 2.0	 and	
−28.4 ± 2.6 g C m−2 year−1 for the two hydrological years.

Based	on	the	plot-	scale	chamber	data	averaged	over	all	growing	
seasons, the instantaneous daytime forest floor net CO2 exchange 
(NEff)	resulted	in	a	sink	of	−29 ± 6	and	a	source	of	91 ± 6 mg C m

−2 h−1 
in	the	sparse	and	dense	forest	areas,	respectively	(Figure 4).	Similarly,	
the	 forest	 floor	GPP	 (GPPff)	was	 about	 three	 times	greater	 in	 the	
sparse	 forest	 (−130 ± 8 mg C m−2 h−1)	 than	 in	 the	 dense	 forest	 area	
(−39 ± 5 mg C m−2 h−1).	Meanwhile,	 forest	 floor	 respiration	 (Rff)	 was	
higher	at	 the	dense	 forest	 (130 ± 5 mg C m−2 h−1)	 than	at	 the	sparse	
forest	area	(100 ± 5 mg C m−2 h−1).

Hälsingfors drained peatland forest was a small CH4 source 
during almost the entire measurement period, with flux magnitudes 
ranging	 from	 −4.8	 to	 11.5 mg C m−2 day−1	 (Figure 3b; Figure S7b).	

(1)Q = P − E − S
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    |  7 of 17TONG et al.

Emission	peaks	coincided	 in	general	with	 rainfall	events	which	 led	
to	subsequent	increase	in	WTL.	Except	during	June	and	July	2020	
when the CH4 emission in the sparse forest was about three times 
as	high	as	in	the	dense	forest,	no	significant	difference	(independent	
sample t-	test	p > .05)	in	the	gap-	filled	ecosystem	CH4 emission was 

noted	between	the	two	contrasting	forest	areas.	Averaged	over	the	
two hydrological years, the sparse and dense forest areas were small 
annual sources of CH4	with	0.76 ± 0.06	and	0.71 ± 0.05 g C m

−2 year−1, 
respectively	(Table 2).	The	plot-	scale	chamber	data	suggested	on	av-
erage higher forest floor CH4	 emission	 of	 0.71 ± 0.05 mg C m

−2 h−1 

F I G U R E  2 Daily	means	for	
environmental	variables	including	(a)	
photosynthetically	active	radiation	(PAR),	
(b)	air	(Ta)	and	soil	temperature	(Ts)	at	the	
15 cm	depth,	(c)	water	table	level	(WTL)	
with daily precipitation in the study areas, 
(d)	normalized	difference	vegetation	index	
(NDVI)	and	(e)	15-	day	running	mean	of	
evapotranspiration	(ET)	during	the	study	
period	(including	the	two	hydrological	
years	indicated	on	top).	NDVI	and	WTL	
data	are	presented	during	the	snow-	free	
season.	Environmental	conditions	during	
manual chamber measurements are 
presented in Figure S6.

F I G U R E  3 Daily	sums	of	(a)	net	
ecosystem CO2	exchange	(NEE)	and	(b)	
methane	(CH4)	fluxes	for	Hälsingfors	
drained	peatland	forest	(partitioned	
into	both	sparse	and	dense	forest	areas)	
and the adjacent mire from March 2020 
to	September	2022	(including	the	two	
hydrological	years).	The	shade	areas	
represent the standard deviation of daily 
fluxes, while the bold dark lines denote 
the	15-	day	running	means.	In	(b),	CH4 
fluxes from the forest and mire refer to 
the left and right axis, respectively.
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8 of 17  |     TONG et al.

in	 the	 sparse	 forest	 compared	 to	 a	 close-	to-	neutral	 CH4 flux of 
−0.05 ± 0.01 mg C m−2 h−1	in	the	dense	forest	(Figure 4d).

There was a clear seasonal pattern in the mire where CH4 emis-
sions	 reached	up	 to	100 mg C CH4 m

−2 day−1 and peaked during the 
summer	(June	to	August)	(Figure 3b),	following	the	temporal	dynamics	
of Ta	and	vegetation	growth	(Figure 2).	The	annual	ecosystem-	scale	
CH4	emission	 from	the	mire	was	on	average	9.8 ± 0.1 g C m

−2 year−1 
(Table 2),	being	about	13	times	as	high	as	in	the	drained	peatland	for-
est.	Averaged	over	three	summers	(June–August),	the	CH4 emission 
from the mire was 27 times as much as from the forest area. Relative 
to the mire site, no clear pattern of seasonality was observed in the 
forest site.

3.3  |  Environmental responses of ecosystem 
CO2 and CH4 fluxes

The relationship between air temperature and measured Reco, 
defined	 as	 the	 filtered	 half-	hourly	 fluxes	 during	 nighttime	 (i.e.	
PAR < 10 μmol m−2 s−1),	differed	among	the	forest	area	and	mire	sites	
(Figure 5a; Table S1).	 Specifically,	 the	parameter	of	 basal	 respira-
tion	at	10°C	 (i.e.	R10)	was	significantly	 (independent	sample	t-	test	
p < .05)	higher	at	the	forest	sites	(2.92	and	3.17 μmol m−2 s−1 at sparse 

and	dense	areas,	 respectively)	 than	 in	the	mire	 (1.04 μmol m−2 s−1).	
The	 air	 temperature	 sensitivity	 parameter	 (E0)	 was	 significantly	
lower	 at	 the	 forest	 sites	 (220	 and	 256°C−1 at sparse and dense 
areas,	 respectively)	 than	 at	 the	 mire	 site	 (312°C−1).	 The	 R10 and 
E0 of the forest floor were higher and lower in the sparse for-
est	 area	 (R10 = 1.80 μmol m

−2 s−1; E0 = 215)	 than	 in	 the	 dense	 area	
(R10 = 2.59 μmol m

−2 s−1; E0 = 153°C
−1),	 respectively,	 resulting	 alto-

gether in a greater Rff in the dense area at any temperature during 
the growing season.

The	light	response	of	half-	hourly	GPP	derived	as	the	difference	
of	measured	daytime	NEE	and	modelled	Reco, varied across the sites. 
Specifically, the light response parameters α and Pmax, which rep-
resent	 the	 initial	 quantum	 yield	 efficiency	 (α)	 and	 maximum	 eco-
system	 photosynthetic	 rate	 at	 light	 saturation	 (Pmax),	 respectively,	
were about four to six times as high as at the forest compared to the 
mire	(Figure 5b; Table S1).	Between	the	two	different	forest	areas,	
both ecosystem and forest floor α	were	significantly	smaller	(p < .05)	
at the dense forest, respectively, compared to the sparse forest. 
Furthermore,	 ecosystem	Pmax was similar in the sparse and dense 
forest whereas Pmax of the forest floor was significantly greater 
(p < .05)	in	the	sparse	area.	This	resulted	altogether	in	greater	GPPff 
in the sparse forest area at any light level during the growing season, 
compared to the dense forest area.

F I G U R E  4 Seasonal	variations	in	forest	floor	fluxes	of	(a–c)	carbon	dioxide	(CO2)	and	(d)	methane	(CH4)	measured	with	manual	chambers	
in the Hälsingfors drained peatland forest area during the growing seasons of 2020–2022. CO2	fluxes	include	the	forest	floor	(a)	net	CO2 
exchange	(NEff),	(b)	respiration	(Rff)	and	(c)	gross	primary	productivity	(GPPff).	Positive	and	negative	values	represent	losses	and	uptake	by	
the	ecosystem,	respectively.	The	circles	denote	sample	(n = 5	and	7	in	the	sparse	and	dense	forest	areas,	respectively)	medians,	while	the	
bars	and	whiskers	denote	the	interquartile	range	and	total	range.	Outliers	(crosses)	are	defined	as	the	values	>1.5	interquartile	range.
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Mire CH4 emissions were <10 mg C m−2 day−1 under flooded 
conditions during early spring and late autumn but increased to 
>100 mg C m−2 day−1 with decreasing WTL during the growing season 
(Figure 6).	Comparatively,	the	CH4 fluxes from the forests were con-
sistently <10 mg C m−2 day−1 independent of WTL changes. Within 
the	same	WTL	range	of	−10	to	−20 cm,	the	mire	emitted	on	average	
about 20 times more CH4 than the sparse forest area.

3.4  |  Aquatic C export from the catchment

The	seasonal	variation	of	the	dissolved	C	(DC)	export	was	primarily	
driven	by	the	discharge	pattern.	More	than	50%	of	the	DC	export	
was	generated	during	the	spring	season,	with	another	40%	associ-
ated	with	the	rainfall	events	during	the	growing	season	 (Figure 7).	
In comparison, the seasonal variation of DC concentration was 

HDPF

MireSparse forest Dense forest Total area

2020–2021 2020–2021 2020–2021 2020–2021

2021–2022 2021–2022 2021–2022 2021–2022

(g C m−2 year−1) (g C m−2 year−1) (g C m−2 year−1) (g C m−2 year−1)

NEE −162 ± 10 −98 ± 10 −126 ± 6 2.9 ± 2.0

−167 ± 11 −138 ± 9 −143 ± 5 −28.4 ± 2.6

Reco 758 ± 25 785 ± 33 773 ± 20 278 ± 7

722 ± 33 746 ± 35 737 ± 22 260 ± 7

GPP −920 ± 27 −883 ± 32 −899 ± 21 −275 ± 6

−889 ± 35 −884 ± 35 −880 ± 23 −288 ± 6

CH4 0.76 ± 0.08 0.63 ± 0.07 0.71 ± 0.05 9.0 ± 0.1

0.76 ± 0.08 0.79 ± 0.07 0.78 ± 0.05 10.6 ± 0.1

DOC 10.5 ± 1.3 23.0 ± 2.5 18.3 ± 2.1a 13.6 ± 1.7

9.4 ± 1.2 19.6 ± 2.5 15.7 ± 2.1a 13.2 ± 1.6

DIC 1.2 ± 0.1 1.6 ± 0.2 1.5 ± 0.1a 4.0 ± 0.5

1.2 ± 0.1 1.6 ± 0.2 1.5 ± 0.1a 4.2 ± 0.6

NECB −150 ± 10 −73 ± 10 −105 ± 6 29.5 ± 2.7

−156 ± 11 −116 ± 9 −125 ± 6 −0.4 ± 3.1

Note:	Annual	estimates	are	presented	with	±1 standard deviation based on the Monte Carlo 
uncertainty analysis.
aTotal	area	lateral	DOC	and	DIC	fluxes	in	HDPF	were	calculated	by	the	area-	weighted	average	
between sparse and dense forest estimates.

TA B L E  2 Annual	net	ecosystem	carbon	
balance	(NECB)	and	its	component	fluxes	
including net ecosystem CO2 exchange 
(NEE)	measured	by	eddy	covariance,	that	
is, the balance of ecosystem respiration 
(Reco)	and	gross	primary	productivity	
(GPP),	net	ecosystem	methane	(CH4)	
exchange measured by eddy covariance 
and	the	lateral	aquatic	export	of	dissolved	
organic	(DOC)	and	inorganic	(DIC)	carbon	
at the Hälsingfors drained peatland forest 
site	(HDPF;	for	the	total	area	and	when	
partitioned into the sparse and dense 
forest	areas)	and	the	adjacent	mire	during	
the hydrological years 2020–2021 and 
2021–2022.

F I G U R E  5 Response	of	half-	hourly	(symbols)	ecosystem	and	forest	floor	(a)	respiration	to	air	temperature	(Ta)	and	(b)	gross	primary	
productivity	(GPP)	to	photosynthetically	active	radiation	(PAR)	during	the	snow-	free	periods	for	the	sparse	and	dense	forest	and	mire	sites.	
Solid	and	dotted	lines	represent	the	fit	lines	for	the	ecosystem	and	forest	floor,	respectively.	The	model	equations	and	parameters	for	the	fit	
lines are presented in Table S1.
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10 of 17  |     TONG et al.

relatively smaller than that of discharge rate. The peak of DC con-
centration	 was	 typically	 observed	 in	 August	 and	 September,	 fol-
lowed by a decline towards winter.

Annual	 aquatic	 C	 export	 differed	 between	 the	 sparse	 and	
dense	 forest	 areas	 within	 HDPF.	 Averaged	 over	 the	 two	 hydro-
logical years, the annual DC export from the sparse forest was 
11.1 ± 1.0 g C m−2 year−1	 (Table 2).	 In	 comparison,	 the	 annual	 DC	
export in the dense forest was more than two times higher, being 
22.9 ± 2.0 g C m−2 year−1. In both areas, the DOC export contributed 
about	90%	to	total	annual	DC	(DOC:DIC = 8:1	in	sparse	forest	and	
13:1	in	dense	forest).	The	DOC	and	DIC	concentrations	were	125%	

and	60%	higher	at	the	dense	forest	compared	to	the	sparse	forest	in	
the stream water samples. The annual DOC export from the mire of 
13.3 ± 1.7 g C m−2 year−1 was in between the sparse and dense forest 
sites,	whereas	the	DIC	export	from	the	mire	of	4.1 ± 0.4 g C m−2 year−1 
was three and two times higher than in the sparse and dense for-
est areas, respectively, averaged over the two hydrological years 
(Table 2).	Combined,	the	total	aquatic	C	export	from	the	mire	was	
14.3 ± 1.4 g C m−2 year−1	in	2020–2021	and	15.0 ± 1.5 g C m−2 year−1 in 
2021–2022,	with	an	annual	mean	DOC:DIC	ratio	of	7:1	(Figure 7).

3.5  |  The net ecosystem C balance

By	integrating	the	terrestrial	and	aquatic	C	flux	components,	we	es-
timated	the	NECB	of	the	boreal	peatland	forest	to	be	a	net	C	sink	
with	an	average	of	−115 ± 5 g C m−2 year−1 over the two hydrological 
years.	The	C	sink	strength	of	−153 ± 8 g C m−2 year−1 of the sparse for-
est	area	was	61%	larger	in	comparison	to	−95 ± 8 g C m−2 year−1 in the 
dense	forest	area	(Table 2).	At	both	the	sparse	and	dense	forest,	the	
NECB	was	dominated	by	NEE	while	CH4 emissions and DC export 
contributed <1%	and	about	14%,	respectively	(Table 2).

The	adjacent	mire	had	a	positive	NECB	of	14.6 ± 1.7 g C m−2 year−1 
averaged over the two hydrological years. The uptake of C via 
NEE	 of	 −12.8 ± 1.6 g C m−2 year−1 was counterbalanced by the 
CH4	 emission	 (9.8 ± 0.1 g C m

−2 year−1)	 and	 aquatic	 DC	 export	
(17.5 ± 1.5 g C m−2 year−1).	While	the	NEE	of	CO2 and CH4 contributed 
about	equally	and	together	dominated	(>93%)	to	the	NECB	between	
June	and	September,	aquatic	DOC	and	DIC	contributed	42%	to	the	
mire	NECB	during	 the	high	discharge	periods	 in	 spring	 (April)	 and	
autumn	(October	and	November).

F I G U R E  6 Relationships	between	daily	mean	water	table	
level	(WTL)	and	methane	(CH4)	flux	based	on	eddy	covariance	
measurements	at	the	Hälsingfors	drained	peatland	forest	(shown	
separately	for	the	sparse	and	dense	forest	areas)	and	mire	sites	
during the growing seasons of 2020–2022.

F I G U R E  7 Daily	sums	of	precipitation	(top	panel)	and	total	dissolved	carbon	(DC;	including	organic	and	inorganic	C)	export	(bottom	
panel)	at	the	Hälsingfors	drained	peatland	forest	(for	the	total	area	and	partitioned	into	the	sparse	and	dense	forest	areas)	and	the	adjacent	
mire	from	March	2020	to	September	2022	(including	the	two	hydrological	years).	In	the	bottom	panel,	solid	lines	denote	DC	export	(left	
axis),	whereas	circular	symbols	denote	concentration	of	DC	from	manually	collected	samples.
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4  |  DISCUSSION

4.1  |  A boreal nutrient- poor peatland forest acts as 
a net ecosystem C sink

This	 study	 integrated	 terrestrial	 and	 aquatic	 C	 fluxes	 into	 annual	
ecosystem-	scale	 C	 balances	 for	 a	 typical	 boreal	 peatland	 forest	
and an adjacent mire over two hydrological years. Our main finding 
that this >100 year-	old	drained	nutrient-	poor	peatland	forest	was	a	
net	C	sink	(−105	to	−125 g C m−2 year−1),	suggests	that	not	all	of	the	
historically drained peatland forests act today as C sources. In fact, 
previous studies reporting boreal peatland forests as significant C 
sources were either conducted on a forest established on former 
agricultural	 land	 with	 nutrient-	rich	 soils	 (CN	 ratio = 13–28,	 Lohila	
et al., 2007),	or	accounted	for	additional	C	losses	due	to	thinning	and	
harvest	activities	(He	et	al.,	2016; Kasimir et al., 2018).	It	is	notewor-
thy,	however,	that	also	nutrient-	rich	peatland	forests	(CN	ratio = 23–
27)	may	act	as	small	contemporary	C	sink	of	−20	to	−70 g C m−2 year−1 
at	the	ecosystem	scale	(Korkiakoski	et	al.,	2023; Meyer et al., 2013).	
Compared	to	our	site,	nutrient-	poor	peatland	forests	(CN	ratio = 34–
90)	 in	 southern	boreal	 Finland	may	provide	 even	greater	 net	CO2 
sinks	in	the	range	of	−234	to	−570 g C m−2 year−1	(Laine	et	al.,	1996; 
Lohila et al., 2011; Minkkinen et al., 2018).	 Altogether,	 this	 indi-
cates that the ecosystem C sink–source strength of drained peat-
land forests strongly depends on nutrient availability, with climate 
being a secondary modifier. It is further noteworthy that the C sink 
strength	 of	 nutrient-	poor	 peatland	 forests	 may	 be	 close	 to	 that	
of	 boreal	 upland	 mineral	 forests	 (Anderson-	Teixeira	 et	 al.,	 2021; 
Lindroth et al., 2020).	 Given	 that	 nutrient-	poor	 regions	 dominate	
the	 land	 area	 in	 Fennoscandia	 (e.g.	 72%	 in	 Sweden	with	CN	 ratio	
>30 in organic forest soils, Olsson, 1999),	drained	peatland	forests	
in those regions may presently provide an important contribution to 
climate change mitigation. It is further important to note that while 
our	study	explored	the	ecosystem-	scale	C	balance,	it	does	not	pro-
vide information on whether the peat layer itself is acting as a C 
sink	or	source,	the	latter	being	critical	for	understanding	the	long-	
term climate impact of these forested ecosystems. Previous studies, 
however, have reported that, in contrast to the significant C losses 
observed	in	nutrient-	rich	peat	(He	et	al.,	2016; Kasimir et al., 2018),	
the	peat	 layer	 in	nutrient-	poor	boreal	peatland	 forests	may	act	 as	
small	C	sinks	(Ojanen	et	al.,	2013).

The observation that our drained peatland forest acted as a 
source of CH4 contrasts previous studies suggesting that drained 
peatland forests with mean WTL <−30 cm	act	as	CH4	sink	(Korkiakoski	
et al., 2017; Minkkinen et al., 2007; Ojanen et al., 2010).	This	could	
be explained by the relatively high WTL at the sparse forest sec-
tion	(mean	WTL = −15 cm)	and	the	existence	of	locally	flooded	areas	
in	the	dense	forest	section	(mean	WTL = −32 cm).	In	addition,	while	
previous estimates relate to soil CH4	 fluxes,	 our	 continuous	 (half-	
hourly)	 and	 ecosystem-	scale	 measurements	 might	 have	 captured	
spatiotemporal	peaks	and	emissions	via	trees	(Ranniku	et	al.,	2023; 
Vainio et al., 2022)	and	from	ditches	(Peacock	et	al.,	2021).	Overall,	
our results suggest a negligible contribution of the CH4 flux to the 

annual	NECB	and	GHG	balance	(accounting	for	its	28	times	higher	
warming	potential	over	a	100-	year	time	frame;	 IPCC,	2022)	 in	our	
drained boreal peatland forest.

The	aquatic	DOC	(17.0 g C m−2 year−1)	and	DIC	(1.5 g C m−2 year−1)	
fluxes	 in	 HDPF	 are	 higher	 or	 at	 the	 high	 end,	 respectively,	 when	
compared to other boreal stream networks in the surrounding 
boreal	 forest	 landscape	 (DOC:	 6.1–9.9 g C m−2 year−1;	 DIC:	 −0.7–
1.5 g C m−2 year−1)	(Ågren	et	al.,	2007; Wallin et al., 2010).	In	contrast	
to the minor role of the CH4	flux,	the	aquatic	C	export	could	offset	
about	14%	of	the	terrestrial	C	sink	in	our	boreal	peatland	forest.	In	
comparison,	 an	 average	 offset	 of	 9%	 and	32%	has	 been	 reported	
for	boreal	upland	forests	(Webb	et	al.,	2019)	and	natural	peatlands	
(Nilsson	et	al.,	2008),	respectively.	It	is	furthermore	noteworthy	that	
the	C	sink	reduction	by	aquatic	C	losses	differed	with	8%	and	20%	
between the sparse and dense forest areas which indicate the po-
tential	for	a	high	spatially	varying	contribution	of	aquatic	C	fluxes	to	
NECB.	Overall,	these	results	highlight	the	important	role	of	aquatic	
C fluxes and the need for their accounting in estimates of the eco-
system C balance of drained peatland forests.

The peatland forest was a stronger annual C sink than the adja-
cent mire, which was close to C neutral. However, earlier findings 
from	the	nearby	(~3 km)	Degerö	mire	suggested	an	NECB	of	−20	to	
−27 g C m−2 year−1	 in	2004	and	2005	(Nilsson	et	al.,	2008).	The	pri-
mary	cause	for	this	between-	mire	difference	is	that	the	annual	net	
CO2	 uptake	 (−12.8 ± 1.6 g C m

−2 year−1)	 from	 the	 Hälsingfors	 mire	
was	 less	 than	 at	 the	 Degerö	 mire	 (−58 ± 21 g C m−2 year−1;	 Nilsson	
et al., 2008; Peichl et al., 2014).	 One	 explanation	 could	 be	 the	
presence	of	large	areas	of	mud-	bottom	flarks	(or	algal	pools)	at	the	
Hälsingfors	mire,	which	 are	 not	 found	 at	 the	Degerö	mire.	 These	
seasonally	 inundated	 pools	 are	 typical	 of	 aapa	mires	 in	 sub-	arctic	
Fennoscandia.	 It	has	 long	been	speculated	 that	 such	areas	were	a	
source	of	carbon	(e.g.	Sallinen	et	al.,	2023;	Sjörs,	1990)	and	footprint	
analysis	carried	out	on	our	EC	data	appears	 to	confirm	 these	as	a	
source of CO2	(Noumonvi	et	al.,	2023).	Nevertheless,	it	is	important	
to	 note	 that	 the	 present-	day	 comparison	 of	NECB	between	 natu-
ral	 and	drained	peatlands	does	not	 reflect	 their	 long-	term	climate	
impact. Specifically, whereas the relatively smaller mire C sink may 
persist	 over	 centuries	 (e.g.	 Frolking	et	 al.,	2011),	 drained	peatland	
forests might become C sources in the long run if the peat soil re-
mains as a C source after the accounting for the removal of C stored 
in	tree	biomass	via	tree	harvest	(He	et	al.,	2016; Kasimir et al., 2018).	
The	long-	term	C	balance	of	drained	peatland	forest	will	further	de-
pend	on	 the	use	of	extracted	biomass	 for	 short-		versus	 long-	lived	
wood	products	and	for	substituting	fossil	 fuel	emissions	 (Leskinen	
et al., 2018; Skogsstyrelsen, 2021).

The	potential	of	boreal	peatland	forests	to	act	as	present-	day	C	
sink has implications for developing management strategies, which 
aim	 at	 sustainable	 and	 climate-	smart	 timber	 production	while	 en-
suring	 the	 provision	 of	 other	 ecosystem	 services.	 For	 instance,	
the current interest in the rewetting of drained peatland forests 
should	 consider	 local	 conditions	 (i.e.	 site	 fertility	 and	 climate)	 and	
primarily	 target	 nutrient-	rich	 sites,	 as	 rewetting	 of	 nutrient-	poor	
peatland	 forest	 may	 result	 in	 limited	 climate	 benefits	 (Ojanen	 &	
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12 of 17  |     TONG et al.

Minkkinen, 2020).	 In	 comparison,	 active	 forestry	 may	 maintain	
tree C uptake; however, biomass removal via harvest might in the 
long-	term	result	in	a	net	C	loss	(He	et	al.,	2016; Kasimir et al., 2018).	
Alternatively,	low-	productive	and	economically	low-	interest	areas	as	
resembled	by	our	sparse	forest	site	could	constitute	important	long-	
term C sinks when set aside from active forestry. However, since 
further supporting data from drained peatland forests are currently 
missing particularly in middle and northern boreal regions, caution 
is	 needed	when	 extrapolating	 results	 from	 single-	site	 studies	 and	
considerably more information will be needed to improve our under-
standing	of	present-	day	climate-	forcing	effects	from	historic	drain-
age	activities	in	Fennoscandia.

4.2  |  Environmental responses of NECB 
components differ between peatland forest and mire

The different temperature and light sensitivity of Reco and GPP, re-
spectively,	between	HDPF	and	the	nearby	mire	suggest	that	 long-	
term drainage has altered the response of the CO2 exchanges to 
these key environmental controls. Specifically, the lower sensitiv-
ity of Reco to Ta	in	HDPF	(E0 = 220	and	256°C

−1 in sparse and dense 
areas,	respectively)	than	the	mire	(E0 = 312°C

−1)	 implies	that	future	
warming will likely have less impact on the respiratory C losses from 
drained	forests	compared	to	natural	peatlands	(Ratcliffe	et	al.,	2017).	
Meanwhile,	the	greater	photosynthetic	capacity	at	HDPF	could	be	
attributed to the additional contribution of the tree layer relative to 
the mire. Thus, our study demonstrates that peatland drainage may 
alter the environmental controls of CO2	fluxes	and	subsequently	the	
response	of	the	NECB	to	future	climatic	changes.

Even	though	CH4 emission peaks appeared to coincide with rain-
fall events, we noted a remarkable lack of significant relationships 
between CH4 emission with WTL or Ts which might be explained 
by their limited seasonal variations. The lower seasonal variabil-
ity of Ts in the forest area is likely due to forest canopy shading 
(Hedwall	et	al.,	2015),	whereas	a	disconnection	between	water	table	
and surface moisture due to capillary action of peat and mosses 
may	dampen	the	effects	of	WTL	fluctuations	 (Lafleur	et	al.,	2005; 
Ratcliffe et al., 2019).	In	contrast,	we	observed	a	negative	relation-
ship suggesting increasing CH4 flux under decreasing WTL at the 
mire. This appears counterintuitive but might result from the over-
riding effects from higher Ts and vegetation biomass on CH4 pro-
duction	 during	 the	 warmer	 and	 drier	 summer	 period	 (Moosavi	 &	
Crill, 1997; Treat et al., 2007).	It	is	further	noteworthy	that,	at	given	
WTL and Ts, substantially lower CH4 emissions occurred in the 
drained	forest	compared	to	the	mire.	This	suggests	that	 long-	term	
drainage reduced the activity of the methanogenic bacteria and/or 
enhanced the activity of methanotrophic bacteria due to increased 
peat	aeration	(Yrjälä	et	al.,	2011).	Thus,	long-	term	drainage	may	not	
only change the hydrological conditions but also create a substantial 
divergence in associated CH4 dynamics.

The contrasting annual DC export between the peatland forest 
and mire sites was controlled by differences in DOC concentrations 

rather than by those in DIC concentration or discharge rate. The 
high stream DOC concentration particularly at the dense forest 
might	reflect	the	greater	amount	and	higher	quality	of	the	organic	
matter	input	from	the	tree	canopy.	Similarly,	Nieminen	et	al.	(2021)	
observed	 higher	 DOC	 concentrations	 in	 various	 Fennoscandian	
drained peatlands compared to mires. It is, however, notable that 
they report substantial drainage effects on DOC concentrations 
only in southern boreal regions, whereas limited impacts were noted 
in northern boreal regions. Thus, while drainage may alter stream C 
concentrations, annual C export rates might be further modified in 
response to climatic factors.

4.3  |  Forest structure may act as a key control on 
NECB in the drained peatland forest

Our results revealed a considerable difference of individual for-
est	NECB	 components	 among	 the	 two	 distinct	 forest	 sections.	
While our study design is lacking the replication needed for 
disentangling the role of the various forest structure elements 
as potential drivers, this finding indicates that contrasting for-
est	 structure	may	considerably	 regulate	 the	NECB.	Specifically,	
the	sparse	pine-	dominated	forest	characterized	by	a	 lower	 tree	
density	was	a	stronger	C	sink	(mainly	due	to	a	difference	in	NEE)	
compared to the dense forest area. While this result appears 
counterintuitive at first, we found that larger net CO2 uptake 
by the forest floor in the sparse area may explain the enhanced 
ecosystem-	scale	C	sink.	This	was	a	result	of	both	lower	respira-
tion	 (i.e.	Rff)	and	a	greater	GPPff response to light in the sparse 
area. In addition, given the reduced tree cover, higher amounts 
of	solar	radiation	reaching	the	sparse	forest	floor	(Figure S4)	fur-
ther enhanced ground vegetation GPP in the sparse forest area. 
Considerable contributions of Sphagnum-	dominated	 ground	
vegetation to the ecosystem C balance of boreal peatland for-
ests	 have	 been	 previously	 noted	 (Kasimir	 et	 al.,	2021; Kulmala 
et al., 2019).	The	lower	Rff is likely due to the higher WTL in the 
sparse forest. However, the relative difference in Rff was less 
compared to that in GPPff. Thus, our results further highlight the 
important	role	of	the	tree-	understory	vegetation	composition	in	
regulating	the	spatial	heterogeneity	in	the	NECB	of	drained	bo-
real peatland forests.

The different sensitivity of CO2 fluxes to environmental fac-
tors in the two forest areas further demonstrates the role of forest 
structure in regulating the net CO2 exchange. Specifically, in the 
birch-	dominated	dense	forest,	the	delayed	GPP	onset	relative	to	
the sparse forest might reflect strategies of deciduous trees to 
avoid	 frost	damage	 to	new	 leaves	 (Cannell	&	Smith,	1986; Welp 
et al., 2007).	 The	 higher	 temperature	 sensitivity	 of	 Reco at the 
dense forest likely explains its smaller net CO2 uptake compared 
to sparse forests in warm periods. While the higher temperature 
response of Reco corresponds to greater tree biomass, the lower 
CN	 ratio	 in	 the	 dense	 forest	 area	might	 also	 result	 in	 increased	
microbial peat decomposition, particularly at higher temperatures 
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(Mao	et	al.,	2018).	Overall,	this	highlights	the	potential	of	diverg-
ing effects from warming on the spatial and temporal variations of 
CO2	fluxes	and	subsequently	on	the	NECB	of	drained	peatland	for-
ests. However, given that the data coverage after separating into 
sparse and dense forest area was relatively limited, our results on 
detailed effects of forest structure on C fluxes should be treated 
with some caution.

It is further noteworthy that we observed inconsistencies 
between	 our	 EC-		 and	 chamber-	derived	 estimates	 of	 CH4 fluxes 
with respect to the relative difference between the two forest 
areas.	 Specifically,	 chamber-	derived	CH4 emissions were signifi-
cantly lower and higher in the sparse and dense forest areas, re-
spectively,	compared	to	EC	estimates.	The	mismatch	in	the	dense	
forest might arise from local flooded areas with higher CH4 emis-
sions	 as	 well	 as	 additional	 emissions	 from	 tree	 stems	 (Ranniku	
et al., 2023; Vainio et al., 2022)	and	ditches	(Peacock	et	al.,	2021),	
all of which were not captured by chamber measurements. In the 
sparse forest, the higher chamber CH4 emission estimate was 
driven by large fluxes from three of the five sampling locations 
(Figure S8).	 While	 these	 hotspots	 contributed	 substantially	 to	
chamber fluxes, they might constitute a relatively small portion of 
the	EC	footprint	area.

Given similar soil C content at the two forest areas, the higher 
stream C export and twofold higher DOC concentrations at the 
dense compared to sparse forest areas might be explained by the 
difference in tree biomass. Greater amounts of litterfall and con-
tribution	from	easily	degradable	birch	litter	(Figure S9)	combined	
with the absence of slow decomposing Sphagnum litter support 
the greater stream C input at the dense forest. This result is in 
line	with	Nieminen	et	al.	 (2021)	who	reported	a	positive	correla-
tion between stand volume and DOC concentrations across 71 
drained boreal peatland forest sites. Litterfall and exudates have 
further been shown to be correlated positively with DOC export 
in	Norwegian	forest	ecosystems	(Finstad	et	al.,	2016).	Altogether,	
this highlights that forest structure, that is, primarily differences 
in stand volume and species composition, may act as a key factor 
in	 regulating	 the	 aquatic	C	 export	 from	drained	boreal	 peatland	
forests.
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