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1	Introduction		

1.1	Background	and	relevance	

In	 the	 carbon	 cycle,	 carbon	 is	 exchanged	 through	 carbon	 fluxes	 between	 the	 major	

reservoirs:	 the	 lithosphere,	 the	 atmosphere,	 the	 oceans,	 and	 the	 terrestrial	 biosphere	

(Schimel,	 1995).	 In	 terrestrial	 ecosystems	organic	 carbon	 is	 primarily	 stored	 in	 living	 and	

dead	 plant	 tissues	 and	 soil	 organic	 matter.	 The	 carbon	 cycle	 on	 land	 is	 driven	 by	

photosynthesis	 (Gross	 Primary	 Production)	 and	 decomposition,	 which	 returns	 carbon	 as	

CO2	 to	 the	 atmosphere	 (Schlesinger	 and	 Bernhardt,	 2013,	p.136).	 Boreal	 forests	 contain	

about	32%	of	 the	carbon	bound	 in	global	 forest	biomes.	They	 take	up	more	carbon	than	

they	release.	The	amount	of	carbon	stored	is	 increasing,	which	means	that	boreal	forests	

act	as	a	carbon	sink	(Saxe	et	al.	2001).	Every	year	(1990	–	2007),	boreal	forests	are	sinks	for	

about	0.5	Pg	of	carbon.	Approximately	60%	of	the	carbon	bound	in	forests	is	stored	in	the	

forest	 soils	 (Pan	 et	 al.	 2011).	 The	 turnover	 time	 of	 the	 carbon	 in	 the	 soil	 ranges	 from	

decades	to	millennia	 (Köster	et	al.	2014).	Soils	worldwide	contain	about	1500-2400	Pg	of	

carbon	 (Batjes	 et	 al.	 1996),	 a	 considerable	 amount	 compared	 to	 the	 828	 Pg	 of	 carbon	

dioxide	 in	 the	atmosphere	 (Prather	et	al.	 2012).	Hence,	boreal	 forest	 soils	 are	 important	

carbon	 storages	 and	 it	 is	 crucial	 to	understand	 the	processes	driving	 the	 carbon	 cycle	 in	

boreal	 forests,	 particularly	 in	 the	 context	 of	 climate	 change	 and	 international	 efforts	 to	

limit	greenhouse	gas	emissions	(Pan	et	al.,	2011,	Lindroth	et	al.,	2018.)	

Soil	respiration	is	the	process	of	CO2	efflux	from	the	soil	to	the	atmosphere	and	one	of	the	

major	components	of	the	terrestrial	ecosystem	carbon	cycle.	It	accounts	for	30-80	%	of	the	

total	 ecosystem	 respiration	 (Liu	 et	 al.,	 2014).	 Soil	 respiration	 comprises	 autotrophic	

respiration	 from	 roots	 and	 mycorrhiza	 and	 heterotrophic	 respiration	 by	 soil	 organisms	

releasing	 carbon	 during	 the	 decomposition	 of	 organic	 matter.	 Its	 main	 environmental	

drivers	are	the	soil	 temperature	and	soil	moisture	 (Liu	et	al.,	2014).	Furthermore	the	soil	

properties	 such	 as	 aeration	 and	 quality	 of	 organic	material,	 stand	 structure	 and	 species	

composition	as	well	as	the	light	conditions	have	an	influence	on	the	soil	respiration	(Rustad	

et	 al.,	 2001).	 Figure	1	 shows	 the	pools	 and	 fluxes	of	 the	 carbon	 cycle	 in	 a	 boreal	 forest.	

Carbon	is	taken	up	through	photosynthesis	and	stored	in	the	living	biomass.	 It	enters	the	
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forest	floor	as	litterfall,	root	litter	and	root	exudates.	Carbon	is	released	to	the	atmosphere	

via	 plant	 respiration	 and	 soil	 respiration.	 Carbon	 is	withdrawn	 from	 the	 soil	 carbon	pool	

through	leaching	or	runoff.	

	
Fig.	1:	Carbon	pools	and	fluxes	in	the	boreal	forest	
	

The	 forest	 management	 system	 affects	 the	 carbon	 storage	 in	 the	 soil	 and	 the	 soil	

respiration.	The	Rotation	Forest	Management	(RFM)	system	is	characterized	by	a	repeating	

cycle	of	clear	cutting	at	a	certain	stand	age	followed	by	the	establishment	of	a	new	forest	

stand,	often	by	means	of	artificial	regeneration	via	planting.	Rotation	length	varies	with	the	

tree	 species,	 the	 site	 conditions	 and	 also	 the	 current	 demand	 for	 certain	 timber	

assortments.	RFM	leads	to	a	mainly	even-aged	stand	structure	(Pukkala	&	v.	Gadow,	2012,	

p.	V).	Even-aged	forest	stands	act	as	carbon	sinks	throughout	most	of	the	rotation	period.	

After	 clear-cutting	 though,	 the	 carbon	 uptake	 through	 photosynthesis	 is	 substantially	

decreased	 and	 the	 organic	matter	 in	 the	 soil	 is	 rapidly	 declining	 for	 several	 years.	 High	

amounts	of	carbon	are	available	in	form	of	harvesting	residues.	Higher	soil	temperature	on	
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the	 clear-cut	 area	 accelerates	 decomposition	 and	 higher	 drainage	 leads	 to	 increased	

leaching.	During	this	time	the	carbon	storage	in	the	stands	is	declining	and	the	young	forest	

stands	are	a	source	of	carbon,	as	they	emit	CO2	to	the	atmosphere	(Lindroth	et	al.,	2018).	

With	accelerating	tree	growth	and	organic	matter	accumulating	 in	the	soil	a	young	forest	

gradually	 turns	 into	 a	 carbon	 sink	 (Lindroth	 et	 al.,	 2018,	 Kolari	 et	 al.,	 2004,	 Covington,	

1981).	Middle-aged	forest	stands	in	Europe	are	mostly	carbon	sinks	(Valentini	et	al.,	2000).	

However,	 it	 takes	about	20	years	for	the	stand	to	compensate	for	the	 initial	emissions	of	

CO2	 to	 the	 atmosphere	 (Lindroth	 et	 al.,	 2018)	 and	 about	 65	 years	 until	 the	 amount	 of	

organic	matter	 in	 the	 soil	 has	 recovered	 to	 the	 pre-cutting	 level	 (Covington,	 1981).	 The	

lengths	of	these	phases	vary,	depending	on	the	tree	species	and	site	conditions.	

Applying	 Continuous	 Cover	 Forest	 Management	 (CCFM)	 to	 a	 stand	 means	 that	 a	

permanent	 tree	 cover	 is	 left	 that	 protects	 the	 forest	 floor.	 The	 application	 of	 selective	

harvesting	 instead	 of	 clear	 cutting	 leads	 to	 an	 uneven	 aged	 forest	 structure,	 where	 all	

generations	of	 trees	 are	present.	 Selective	 cuts	 used	 as	 a	 tool	 to	 harvest	 timber,	 enable	

natural	regeneration	through	light	management	and	enhance	secondary	diameter	growth	

of	 the	 remaining	 trees.	The	 intensity	of	 the	harvests	 is	adjusted	according	 to	 these	goals	

(Pukkala	&	v.	Gadow,	2012,	p.	V).	The	harvests	leave	canopy	gaps	of	different	sizes	in	the	

stand.	The	increased	amount	of	light	in	these	gaps	affects	the	density	and	growth	of	young	

developing	 trees	 as	 well	 as	 the	 below	 ground	 resources	 (de	 Römer	 et	 al.	 2008).	 The	

continuity	of	the	forest	cover	 is	an	 important	aspect	of	protecting	forest	soils	against	soil	

erosion	 and	 leaching	 of	 nutrients.	 Uneven	 aged	 forests	 are	mostly	 regenerated	 through	

natural	regeneration	(Tahvonen,	2007).	Natural	regeneration	promotes	native	tree	species	

and	broadleaved	trees	and	leads	to	more	diverse	stands	regarding	the	tree	species	variety	

(Pommerening	&	Murphy,	2004).	The	rich	vertical	and	horizontal	structure	makes	uneven-

aged	forests	more	resistant	to	storms	and	ecologically	more	resilient	against	other	threats,	

such	as	climate	change	and	its	concomitants,	for	instance	bark	beetle	infestations	(Schütz	

et	al.	in	Pukkala	&	v.	Gadow,	2012,	p.3).	

RFM	is	the	dominant	management	system	in	Finland	and	the	Nordic	countries.	 In	Finland	

the	 application	 of	 CCFM	 as	well	 as	 the	 research	 on	 uneven-aged	managed	 forests	were	

discouraged	for	several	decades	in	order	to	increase	forest	productivity.	Recently	however,	
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changing	of	societal	demands	and	expectations	towards	forest	management	has	led	to	an	

increasing	interest	in	CCFM	in	Finland	(Pukkala	et	al.	 in	Pukkala	&	v.	Gadow,	2012,	p.	86).	

Yet,	there	is	not	enough	recent	experience	with	this	management	system	and	it	is	not	well	

understood.	 Vesala	 et	 al.	 (2005)	 made	 a	 thinning	 experiment	 in	 southern	 Finland,	

measuring	 the	 effects	 of	 a	 commercial	 low	 thinning	 on	 carbon	 fluxes	 and	 other	 surface	

fluxes	 in	 a	 boreal	 forest.	 They	 did	 not	 find	 significant	 differences	 between	 thinned	 and	

unthinned	areas	 regarding	 the	 soil	 respiration	and	 the	Net	Ecosystem	Exchange	 (NEE)	of	

the	forest	stand.	Lindroth	et	al.	(2018)	conducted	a	similar	research	after	a	thinning	from	

below	 in	 a	hemiboreal	mixed	 forest	 in	 Sweden.	 The	 soil	 effluxes	 after	 the	 thinning	were	

150	 %	 to	 275	%	 higher	 compared	 to	 the	 unthinned	 stand,	 but	 the	 NEE	 was	 reduced	

because	of	 the	reduced	autotrophic	 respiration.	However,	none	of	 these	studied	 focused	

on	 the	 impact	 of	 the	 gaps	 on	 respiration.	 Furthermore	 selective	 logging	 in	 order	 to	

maintain	an	uneven	aged	 forest	 structure	 involves	a	 removal	of	 thicker	 tree	classes	also,	

thus	 causing	 bigger	 gaps	 in	 the	 canopy	 than	 a	 thinning	 from	 below	 (v.	 Gadow	 et	 al.	 in	

Pukkala	&	v.	Gadow,	2012,	p.32).	Therefore,	it	is	not	clear	to	what	degree	these	outcomes	

are	transferable	to	CCFM.	

Little	data	are	available	about	soil	respiration	in	uneven-aged	stands	in	boreal	forests	and	

also	forest	gap	dynamics	of	boreal	forests	are	not	thoroughly	investigated	(de	Römer	et	al.	

2007).	 The	 impact	 of	 the	 canopy	 cover	 on	 the	 soil	 respiration	 and	 the	 effects	 of	 the	

structural	elements	such	as	canopy	gaps	are	still	unknown	(Liu	al.,	2014).	A	study	by	Atte	

Kumpu	from	Helsinki	University	compared	the	soil	respiration	of	uneven-aged	stands	with	

a	mature	even-aged	stand	and	a	recently	clear-cut	area.	He	found	that	 the	respiration	 in	

the	gaps	of	the	uneven-aged	stands	was	considerably	higher	than	under	canopy	and	similar	

to	 the	 respiration	 on	 clear-cut	 sites.	 However	 these	 results	 were	 not	 always	 significant	

depending	on	the	site	conditions	(Kumpu	et	al.,	2018).	A	higher	respiration	in	the	gaps	can	

be	 caused	 by	 more	 light	 and	 precipitation	 reaching	 the	 forest	 floor,	 thus	 accelerating	

microbial	decomposition	of	organic	matter	(Fisher	&	Binkley,	2000,	p.193).	Furthermore,	it	

is	 expected	 that	 there	 is	more	dead	 root	 biomass	under	 canopy	 gaps	 that	 remains	 after	

trees	have	been	harvested.	Decomposition	of	these	dead	roots	could	be	another	reason	for	

higher	soil	respiration	values.	
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1.2	Research	objectives	

The	aim	of	this	research	is	to	find	patterns	in	the	soil	respiration	and	soil	carbon	content	in	

uneven	aged	stands	 that	are	 related	 to	canopy	gaps,	hence	 the	 light	 regime.	The	central	

research	questions	are:	How	are	canopy	gaps	affecting	soil	respiration,	soil	carbon	content,	

microbial	 decomposition	 and	 microbial	 biomass?	 How	 can	 we	 adjust	 the	 forest	

management	of	uneven	aged	stands	in	order	to	avoid	carbon	losses?	

I	 hypothesise	 that	 under	 canopy	 gaps	 soil	 temperature	 and	 soil	 moisture	 are	 higher	

because	of	a	higher	amount	of	light	and	precipitation	reaching	the	forest	floor.		

When	 soil	 temperature	 and	 soil	 moisture	 increase,	 the	 CO2	 efflux	 from	 the	 soil	 will	 be	

increasing.	Hence,	 the	 soil	 respiration	will	 be	 increased	under	 canopy	 gaps	 compared	 to	

fully	 covered	 spots.	Microbial	biomass	and	microbial	decomposition	will	be	higher	under	

canopy	gaps	than	under	closed	canopy	as	the	microbial	activity	 increases	with	higher	soil	

temperatures	and	higher	soil	moisture.	
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2	Material	and	methods	

2.1	Study	sites	and	experimental	design	

The	measurements	were	conducted	during	the	summer	months	in	2018	in	a	field	study	on	

two	 plots	 of	 uneven	 aged	 Norway	 spruce	 (Picea	 abies	 Karst)	 stands	 that	 are	 managed	

through	selective	logging.	The	study	plots	are	located	in	Lapinjärvi,	southern	Finland	(N	60°	

40`,	E	26°	6`).	The	mean	annual	soil	temperature	recorded	in	the	closest	weather	station	in	

Anjala	amounts	to	6.4°C,	which	corresponds	to	a	cryic	soil	temperature	regime	according	to	

the	 Soil	 Taxonomy	 of	 the	 United	 States	 Department	 of	 Agriculture	 (Yli-Halla	 &	Mokma,	

1998).	 Mean	 annual	 precipitation	 amounts	 to	 645	 mm	 (1981-2010)	 according	 to	 the	

Finnish	Meteorological	Institute	(Finnish	Meteorological	Institute,	2019).		

The	 plots	 are	 part	 of	 a	 long-term	 continuous	 cover	 forest	 experiment	 by	 the	 Natural	

Resources	 Institute	 Finland	 (LUKE)	 and	 were	 established	 in	 1991.	 The	 stands	 were	 in	 a	

semi-natural	 state	 before	 the	 experimental	 setup	 and	 the	 age	 of	 the	 trees	 is	 unknown.	

Norway	 spruce	 (Picea	 abies	 Karst)	 is	 dominating	 both	 stands,	 either	 mixed	 with	 aspen	

(Populus	tremula	L.)	and	birch	(Betula	pendula	Roth,	Betula	pubescens	Ehrh.)	on	plot	LAP	1	

or	 interspersed	with	 single	 stems	of	 Scots	 pine	 (Pinus	 sylvestris	L.)	 on	plot	 LAP	13.	 LUKE	

conducted	a	selective	thinning	on	both	stands	in	2012.	A	full	inventory	was	made	after	the	

harvest	in	2012,	including	all	the	trees	with	a	minimum	height	of	1.3	m.	The	basal	areas	of	

the	plots	were	15.1	m2	ha-1	on	LAP	1	and	12.3	m2	ha-1	on	LAP	13	and	the	standing	volumes	

are	about	126.6	m3	ha-1	and	108.5	m3	ha-1	respectively	(Tab.	1).	
	

Tab.	1)	Inventory	data	of	the	plots	LAP	1	and	LAP	13	including	the	parameters	number	of	
stems	 ha-1,	 mean	 breast	 height	 diameter,	 mean	 height	 in	 m,	 basal	 are	 in	 m2	 ha-1	 and	
standing	volume	in	m3	ha-1.	
	

		
No	of	stems	
(ha-1)	

Mean	
diameter	(cm)	

Height	mean	
(m)	

Basal	area		
(m2	ha-1)	

Standing	volume	
(m3	ha-1)	

LAP	1	 1619	 8.97	 9.8	 15.1	 126.6	

LAP	13	 1638	 7.05	 7.12	 12.28	 108.5	
	

The	 experimental	 plots	 have	 a	 size	 of	 0.16	 ha	 each	with	 the	measures	 40	 x	 40	m	 and	 a	

buffer	 area	 of	 uneven	 aged	 forest	 surrounding	 them.	 Per	 plot	 10	 measuring	 points	 in	

canopy	gaps	were	subjectively	chosen,	to	cover	small,	medium	and	large	sized	gaps.	Next	
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to	each	measuring	point	a	reference	point	under	canopy	was	selected	close	by	(Fig.	2).	At	

each	 point	 a	 collar	 for	 respiration	 measurements	 was	 permanently	 installed	 for	 the	

duration	of	the	measurement	period.	There	were	no	points	selected	on	skid	tracks	to	avoid	

bias	through	soil	disturbance	and	compaction.	

	
	 		Measuring	points	in	gaps	 	Measuring	points	under	canopy	

Fig.	 2:	 Projection	of	 the	basal	 areas	of	 the	 single	 trees	 and	positioning	of	 the	measuring	
points	 in	 the	gaps	and	under	 canopy	on	 the	 two	plots.	 The	arrows	are	oriented	 towards	
magnetic	north.	
	
	

LAP	1	 	 	 	 	 	 			LAP13

	
	

Fig.	3:	Pictures	of	the	stands	on	the	two	plots	LAP	1	and	LAP	13.	Photographs	were	taken	by	
the	author	(LAP	1)	and	Atte	Kumpu	(LAP	13).	
	

The	plots	differ	in	site	fertility.	The	Finnish	site	classification	system	by	Cajander	classifies	

the	 sites	 by	means	 of	 indicator	 plant	 species.	On	 both	 plots	 three	 squares	 of	 1	m2	each	
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were	placed	under	 canopy	and	 three	 in	 the	 canopy	gaps	 and	examined	 for	 their	 species	

composition	 and	 abundance	 of	 plant	 species.	 The	 herb	 rich	 stand	 on	 LAP	 1	 (Fig.	 3)	was	

according	 to	 the	 findings	classified	as	Pulmonaria-Viola-type	 (PuViT,	Hotanen	et	al.	2008,	

Kumpu	et	al.	2018)	and	LAP	13	as	a	Myrtillus-type	(MT,	Cajander	1949).		

The	topography	of	both	sites	is	even;	therefore,	there	should	be	no	effect	of	slope	on	the	

soil	conditions.		

On	each	plot	three	soil	cores	were	analysed	for	pH	value	and	soil	 texture.	The	 latter	was	

determined	 through	 sieving	 (>	 0.6	mm)	 and	with	 the	 Coulter	 LS230	 laser	 diffraction	 (LS)	

device	(<	0.6	mm).	The	texture	was	determined	in	three	depths:	0-5	cm,	5-20	cm	and	20-30	

cm	(Fig.	4).	Furthermore	the	diagnostic	horizons	and	their	thicknesses	were	identified	from	

the	soil	cores	in	order	to	classify	the	soils	(Fig.	5).	

		 		
Fig.	4:	Soil	texture	of	the	mineral	soil	on	the	plots	LAP	1	and	LAP	13	for	the	three	depths	0-5	
cm,	5-20	cm	and	20-30	cm.	T	
	
The	soil	on	LAP	1	has	a	coarse	 fraction	of	8%.	 Its	parent	material	 consists	of	 fluvioglacial	

deposits	 (Geologian	 tutkimuskeskus,	 2019).	 The	 texture	 is	 a	 loam	 in	 the	 upper	 5	 cm,	
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underneath	a	silty	loam	and	a	silty	clay	loam	in	20-30	cm	depth.	A	clay	migration	from	the	

upper	mineral	layer	(A)	to	the	lower	soil	horizons	could	clearly	be	confirmed	and	an	argic	

horizon	(Bt)	thus	identified	(Fig.	4).	The	organic	layer	was	identified	as	moder	humus.	The	

pH	in	the	organic	layer	is	averaged	4.56.	In	the	mineral	soil	it	increases	from	an	average	of	

4.65	 in	0-5cm	soil	depth	 to	5.53	 in	20-30	cm	soil	depth.	Brownish	colour	patterns	 in	 the	

lower	depths	indicate	reducing	conditions	due	to	water	influence	(Cg,	Fig.	5).	Hence	the	soil	

on	LAP	1	was	 identified	as	a	gleyic	 luvisol,	according	 to	 the	world	 reference	base	 for	soil	

resources	(IUSS	Working	Group	WRB.	2014).	

On	LAP	13	the	soil	has	a	high	stone	content.	The	coarse	fraction	accounted	for	a	mean	of	

38	 %.	 The	 soil	 is	 formed	 on	 a	 glacial	 till	

(Geologian	 tutkimuskeskus,	 2019).	 The	 texture	

is	coarse	sand	in	the	upper	soil	layers	on	top	of	

loamy	coarse	sand	in	a	depth	of	20-30	cm.	The	

organic	layer	(O)	on	top	of	the	soil	has	a	low	pH	

value	 of	 3.98	 in	 average	 and	was	 identified	 as	

mor	 humus.	 It	 is	 sharply	 delineated	 from	 the	

mineral	 soil	 below	 (Fig.	 5).	 In	 the	minerals	 soil	

the	 pH	 value	 is	 gradually	 increasing	 with	 soil	

depth	 from	4.05	 in	 0-5cm	 to	 4.89	 in	 20-30	 cm	

soil	 depth.	 An	 eluvial	 horizon	 (E)	 could	 be	

clearly	 identified	 as	 well	 as	 a	 spodic	 horizon	

(Bs),	 enriched	 in	 reddish	 colours	 from	 illuvial	

iron	 sesquioxides	 (Fig.	 5).	 Thus	 the	 soil	 on	 LAP	

13	 was	 identified	 as	 a	 haplic	 podzol,	 (IUSS	

Working	Group	WRB.	2014).			

	 	

Bs	

O	O	

E	

C	

A	

Bt	

Cg	

LAP	1	 LAP	13	 	

Fig.	 	 5:	 Exemplary	 soil	 cores	 showing	 the	 soil	 horizons	 on	 plot	 LAP	 1	 and	 LAP	 13.	 The	
horizons	are	O	–	organic	 surface	 layer,	A	–	mineral	 topsoil	horizon	enriched	with	organic	
material,	Bt	–	argic	horizon,	subsurface	horizon	enriched	with	illuvial	clay,	C	–	unweathered	
material,	 suffix	 g	 indicates	 gleyic	 properties,	 E	 –	 eluviated	 horizon	 from	 which	 organic	
matter	 and/or	 free	 iron	 oxides	 have	 been	 removed	 leaving	 albic	 material,	 Bs	 –	 spodic	
horizon,	subsurface	horizon	enriched	with	sesquioxides.	
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2.2 	Soil	respiration	measurements	

The	CO2	efflux	was	measured	every	second	week	during	summer	2018,	from	May	22nd	till	

August	28th.	It	was	measured	with	a	mobile	closed	dark	chamber	and	a	handheld	logger	at	

every	measuring	point.	PVC	rings,	which	served	as	collars	 for	 the	mobile	chamber	during	

measurements,	 were	 permanently	 installed	 at	 each	 measuring	 point	 before	 the	

experiment.	 The	 collars	 had	 a	 diameter	 of	 20-22	 cm	 and	were	 7-8	 cm	deep.	 The	 collars	

were	 pushed	 into	 the	 upper	 soil	 layer	 and	 sealed	 from	 the	 outside	 with	 fine	 sand.	 The	

measurements	 started	24	h	after	 the	 installation	 to	avoid	effects	of	 collar	 installation	on	

soil	respiration.	The	vegetation	inside	the	collars	was	left	intact.	During	the	measurements	

the	chamber	was	attached	air-tightly	to	a	collar.	The	chamber	was	equipped	with	a	small	

electric	 fan	 to	 evenly	mix	 the	 air	 within,	 and	 covered	 in	 aluminium	 foil	 to	 interrupt	 the	

photosynthesis	 of	 the	 plants	 growing	 in	 the	 collar	 and	 to	 exclude	 temperature	 changes	

from	 sunlight.	 The	 handheld	 data	 logger	 (MI70	 2.05,	 Vaisala	 Oyj,	 Helsinki,	 Finland)	 was	

used	with	 a	 CO2	 probe	 (GMP343	 2.10,	 Vaisala	Oyj,	 Vantaa,	 Finland)	 to	measure	 the	 CO2	

concentration	 of	 the	 air	 within	 the	 chamber,	 as	 it	 increases	 with	 progressing	 soil	

respiration.	 Measurements	 were	 done	 for	 a	

duration	 of	 5	 minutes	 at	 each	 collar.	 During	 this	

time	the	CO2	probe	collected	values	at	15	seconds	

intervals,	 resulting	 in	 20	recorded	 values	 per	

measuring	 point	 for	 each	 measurement.	

Measurements	were	carried	out	between	9	am	and	

5	pm.	The	order	of	the	measurements	was	rotated	

every	 time,	 so	 that	 the	 time	 of	 measuring	 would	

vary	 randomly	 at	 each	 measuring	 point	 and	 the	

effects	of	the	diurnal	temperature	cycle	on	the	soil	

respiration	could	be	excluded	(Kumpu	et	al.	2018).		

	

Fig.	 6:	 Setup	 of	 the	 mobile	 dark	 chamber	 on	 top	 of	 a	 collar	 during	 a	 soil	 respiration	
measurement.	 The	 probes	 for	 carbon	 dioxide	 concentration	 and	 air	 temperature	 and	
moisture	measurement	 are	 connected	 to	 the	 data	 logger	 on	 the	 floor.	 Photographed	by	
the	author	in	2018.	
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Before	 measuring,	 the	 concentration	 of	 CO2	 in	 the	 chamber	 was	 observed	 to	 exclude	

inconsistencies	and	the	measurements	were	monitored	to	avoid	air	entering	the	chamber	

from	outside.	A	 second	 sensor	 (HMP70Bc	3.09,	Vaisala	Oyj,	Vantaa,	 Finland)	 attached	 to	

the	 data	 logger	 measured	 air	 temperature	 and	 relative	 humidity	 in	 the	 chamber	

throughout	the	5-minute	measurement	of	the	respiration	(Fig.	6).	

The	logger	automatically	corrected	the	CO2	measurements	for	humidity,	temperature	and	

air	 pressure.	 The	 CO2	 efflux	 was	 then	 determined	 by	 fitting	 a	 linear	 regression	 of	 CO2	

concentration	 against	 time	 and	 converting	 the	 values	 from	 ppm	 m-3	 into	 mg	 s-1	 m-2	

considering	the	volume	inside	the	chamber	and	the	collar,	and	the	surface	area	inside	the	

collar	 (Pumpanen	 et	 al.	 2015).	 If	 there	 were	 irregularities	 in	 the	 beginning	 of	 the	

measurements,	 for	example	 if	 the	photosynthesis	was	unintentionally	 still	 ongoing	when	

the	measurement	was	 started,	 the	 first	minute	was	not	 considered	when	calculating	 the	

respiration.	

	
Soil	moisture	was	measured	with	 an	ML3	 ThetaKit	 soil	moisture	meter	 (Delta-T	 Devices	

Ltd.,	 Cambridge,	 UK)	 alongside	 the	 soil	 respiration	measurements	 every	 second	week	 at	

each	measuring	point	in	the	humus	layer	(Oh)	underneath	the	fragmented	(Of)	layer.	Each	

time	two	measurements	were	conducted	close	to	the	collar	in	order	to	minimize	errors.		

The	 soil	 temperature	 was	 also	 measured	 simultaneously	 at	 each	 point	 with	 a	 S3	 11B	

thermometer	 (Fluke	 corp.,	 Everett,	 WA,	 USA).	 It	 was	 measured	 in	 the	 mineral	 soil	 in	

approximately	6-10	cm	soil	depth.	

After	the	measuring	period	the	green	vegetation	parts	were	collected	from	the	collars	and	

dried	for	48	h	at	65	°C.	The	oven	dry	weight	was	determined	to	estimate	the	share	of	the	

plant	respiration	during	the	soil	respiration	measurements.	

2.3	Soil	carbon	and	nitrogen	measurements	

After	the	completion	of	the	soil	carbon	efflux	measurements,	soil	core	samples	were	taken	

under	each	collar.	The	cylindrical	cores	had	a	diameter	of	4.5	cm	and	were	taken	to	a	depth	

of	30	cm	in	the	mineral	soil.	The	soil	was	dried	for	48h	at	65°C	and	the	coarse	fragments	

<2mm	were	determined	through	sieving.	The	samples	were	analysed	in	the	VarioMAX	CN	

analyser	 (Elementar	 Analysensysteme	 GmbH)	 for	 Carbon	 and	 Nitrogen	 content.	 The	
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analysis	was	conducted	for	the	humus	layer	(thickness	varying)	and	for	the	mineral	soil	 in	

the	depths	0-5	cm	and	5-20	cm	at	each	measuring	point.	For	the	soil	depth	20-30cm,	three	

samples	under	canopy	and	three	samples	in	canopy	gaps	were	analysed	at	each	plot.	The	

means	of	 these	samples	were	 then	used	 for	all	 the	measuring	points	under	canopy	or	 in	

canopy	gaps	on	the	two	sites	respectively	to	calculate	the	carbon	and	nitrogen	stocks	in	the	

humus	 layer	 and	 the	mineral	 soil	 till	 a	depth	of	 30	 cm	as	well	 as	 the	 carbon-to-nitrogen	

ratio.	 Since	 there	 is	 no	 carbonate	 expected	 in	 the	 parent	material	 of	 the	 soils,	 the	 total	

carbon	content	determined	was	assumed	to	be	the	organic	carbon.		

2.4	Hemispherical	photographs	

Hemispherical	 photographs	 were	 analysed	 in	 order	 to	 quantify	 the	 amount	 of	 light	

reaching	the	forest	floor	in	the	gaps	and	under	canopy.	The	photographs	were	taken	with	a	

Canon	EOS	70D	digital	single-lens	reflex	camera,	equipped	with	a	Sigma	Circular	Fisheye	4.5	

mm	1:2.8	lens	with	a	180°	field	view.	The	camera	was	mounted	on	a	tripod	in	85	cm	height	

to	exclude	the	shading	of	the	understory	vegetation.	The	camera	was	levelled	horizontally	

by	means	of	a	gimbal	with	a	bubble	level	and	balance	weights	and	orientated	with	the	left	

side	of	the	picture	frame	towards	magnetic	North	using	a	compass.			

The	pictures	were	 taken	 in	 the	evening	after	 sunset	 to	avoid	direct	 sunlight	entering	 the	

lens	and	to	assure	an	even	 lighting	of	the	sky	(Rich,	1989).	The	following	camera	settings	

were	 applied:	 Manual	 focus	 between	 0.2	 and	 infinity,	 Iso	 200-400,	 AV	 mode	 with	 an	

aperture	of	16-18.		

The	photographs	were	analysed	using	the	software	Hemisfer	designed	by	the	Swiss	Federal	

Institute	 for	 Forest,	 Snow	 and	 Landscape	 Research.	During	 the	 analysis	 the	 pixels	 of	 the	

photographs	are	classified	as	either	sky	or	vegetation.	In	order	to	do	so	a	threshold	has	to	

be	 set	 for	 each	 picture	 (Glatthorn	 &	 Beckschäfer,	 2014).	 In	 this	 analysis	 an	 automatic	

algorithm	 by	 Ridler	 and	 Calvard	 was	 used	 to	 determine	 the	 threshold.	 It	 calculates	 the	

median	from	the	average	of	brightness	of	the	background	(sky)	and	the	object	(vegetation)	

(Ridler	&	Calvard,	1978).		

Two	values	were	derived	from	the	hemispherical	photographs	and	used	in	this	study:	
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1) The	global	light	index	(GLI)	-	a	weighted	average	of	the	diffuse	(indirect)	and	the	direct	

solar	radiation	transmitted	through	the	canopy.	 It	 is	used	to	determine	the	 local	 light	

regime	at	each	measuring	point	and	predicted	through	a	model	in	Hemisfer.			

2) The	canopy	openness	in	percent,	i.e.	the	pixels	classified	as	sky	given	as	percentage	of	

the	total	amount	of	pixels	in	the	picture	(Thimonier	et	al.	2010).	

2.5	Microbial	biomass	and	microbial	decomposition	

The	 microbial	 biomass	 C	 was	 determined	 with	 the	 Chloroform	 Fumigation	 Extraction	

Method	(CFE,	modified	after	Blagodatskaya	et	al.	2014).	Soil	was	sampled	from	the	upper	

soil	 layer,	underneath	the	organic	litter	layer	with	a	rectangular	sampling	frame	(6.3	cm	x	

6.4	cm)	till	a	depth	of	6.3	cm.	At	each	sampling	point	two	samples	were	taken	at	a	distance	

of	50	cm	from	the	collar	in	order	to	avoid	effects	on	the	soil	respiration	measurements.	The	

two	duplicates	were	combined	to	create	one	sample	at	each	measuring	point.	The	samples	

were	incubated	for	seven	days	at	5	°C	and	sieved	to	<2	mm	before	the	analysis.	From	each	

sample	 one	 subsample	was	 fumigated	with	 chloroform	 and	 analysed,	 one	was	 analysed	

without	 fumigation	 and	 one	 subsample	 was	 dried	 at	 65	 °C	 for	 48	 h	 to	 determine	 the	

moisture	content.	For	the	non-fumigated	samples	8	g	of	fresh	soil	were	mixed	with	40	ml	

of	0.05	M	potassium	sulphate	(K2SO4)	for	30	min	at	200	rpm	in	a	shaker	and	then	filtered	

through	Whatman	No.	42	filter	paper.	

Also	 8	 g	 of	 fresh	 soil	 were	weighed	 for	 the	 fumigated	 samples.	 The	 samples	were	 then	

fumigated	for	24h	with	ethanol-free	chloroform	vapour	(CHCl3)	in	an	evacuated,	darkened	

desiccator.	After	the	fumigation	they	were	extracted	and	filtered	the	same	way	as	the	non-

fumigated	 samples.	 The	 samples	 were	 analysed	 in	 the	 TOC-VCPH	 Total	 Organic	 Carbon	

Analyser	 from	 Shimadzu.	 During	 this	 process	 one	 sample	 got	 corrupted	 and	 could,	

therefore,	not	be	used	in	the	data	analysis.	The	microbial	biomass	carbon	was	calculated	as	

the	difference	of	organic	carbon	of	the	fumigated	samples	and	the	organic	carbon	of	the	

non-fumigated	 samples.	 It	 is	 called	 CFE	 extractable	 C	 flush.	 A	 correction	 factor	 was	 not	

used	(Leckie	et	al.	2004)	
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Microbial	 decomposition	 was	 determined	 with	 a	 simplified	 litterbag	 experiment	 using	

commercial	 available	 tea	 bags	 as	 plant	 litter	 (modified	 after	 Keuskamp	 et	 al.	 2013).	 The	

teabags	were	tetrahedron-shaped	synthetic	teabags	filled	with	approximately	2	g	of	green	

tee	 (Lipton	 green	 tea	 EAN:	 87	 22700	 05552	 5).	 The	 mesh	 size	 of	 0.25	 mm	 excludes	

macrofauna	but	permits	microorganisms	and	mesofauna	to	enter	the	teabag.	The	moisture	

content	of	five	teabags	was	determined	after	drying	for	48	h	at	65°C.	The	moisture	content	

was	 in	average	3.9	%	with	values	varying	between	3.8	%	and	4.0	%.	All	 the	teabags	were	

weighed	prior	 to	 the	 experiment	 and	 their	 dry	weight	was	 calculated	by	 subtracting	 the	

moisture	 content	 from	 the	 full	 weight.	 The	 dry	 weight	 was	 recorded	 for	 every	 single	

teabag.	 In	 the	 beginning	 of	 the	 field	 experiment	 two	 teabags	 were	 buried	 at	 each	

measuring	 point	 in	 8	 cm	 depth	 and	 50	 cm	 distance	 from	 the	 collar	 towards	 opposite	

directions	 (North	 and	 South).	 After	 an	 incubation	 time	 of	 92	 days	 the	 teabags	 were	

retrieved,	oven	dried	 for	48h	at	65°C	and	weighed.	The	weight	was	compared	to	 the	dry	

weights	 recorded	 before	 the	 setup	 to	 determine	 the	 weight	 loss	 due	 to	 microbial	

decomposition.	

2.6	Statistical	analyses	

The	 data	 was	 analysed	 and	 visualized	 using	 Microsoft	 Excel	 and	 R	 statistical	 analysis	

software	(R	Core	Team,	2019;	Wickham,	2009).		

The	 relationships	 between	 the	 different	 variables	 of	 the	 data	 set	 were	 evaluated	 with	

Principal	Component	Analysis	(PCA).	PCA	helps	to	describe	datasets	with	many	variables	by	

focusing	 on	 the	 most	 essential	 dimensions	 extracted	 from	 the	 data.	 After	 excluding	

observations	with	missing	data	points	and	standardizing	the	data,	the	dimensionality	of	the	

dataset	 was	 reduced	 to	 two	 principal	 components	 by	 means	 of	 Singular	 Value	

Decomposition	(Dormann	2013,	p.274).		

It	is	expected	that	the	soil	respiration	increases	exponentially	with	rising	temperature	and	

increases	 linearly	with	 rising	soil	moisture	 (Saxe	et	al.	2001).	At	approximately	60	%	soil-

water	content	a	point	 is	 reached	where	the	water	restricts	 the	availability	of	oxygen	and	

therefore	limits	the	respiration	activity	in	the	soil	(Pumpanen	et	al.	2003a).	The	relationship	

between	soil	respiration	and	soil	temperature	was	analysed	through	fitting	an	exponential	
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model	𝑦 =  𝛼 ∙ 𝑒!" +  𝜖 ,	 where	𝑦 	is	 the	 soil	 respiration	 and	 𝑥 	the	 soil	 temperature.	

Regression	analysis	was	conducted	by	means	of	the	probability	value	(or	p-value).		

A	linear	model	𝑦 =  𝛼 +  𝛽𝑥 +  𝜖	was	fitted	with	the	dependent	variable	soil	respiration	(𝑦)	

and	 soil	moisture	 as	 explanatory	 variable	 (𝑥)	 and	 analysed	 the	 same	way	 to	 explore	 the	

relationship	between	soil	moisture	and	soil	respiration.	𝛼	is	the	point	of	interception	of	the	

regression	 line	with	the	y-axis,	𝛽	corresponds	with	the	slope	of	 the	regression	 line	and	 	𝜖	

stands	for	the	residual	error.	Model	validation	of	linear	regression	models	was	conducted	

graphically	by	analysing	the	distribution	of	the	residuals	of	the	models	in	diagnostic	plots.	

Also	 the	 relationships	 between	 the	other	 variables	were	 tested	 for	 linear	 or	 exponential	

regression	as	described	above.	
	

Differences	of	soil	temperature,	soil	moisture	and	soil	respiration	under	canopy	and	in	the	

canopy	 gaps	 were	 analysed	 by	 statistical	 hypothesis	 testing	 of	 null	 hypothesis	 and	

alternative	hypothesis	with	the	paired	t-test.	The	t-test	is	a	statistical	test	to	compare	if	the	

means	of	two	related	variables	differ.	In	this	case	the	variables	are	related	or	paired,	as	at	

each	measuring	 point	 it	 was	 measured	 under	 canopy	 and	 in	 the	 canopy	 gap.	Microbial	

biomass	and	microbial	decomposition	in	gaps	and	under	canopy	were	also	compared	with	

the	paired	t-test.		
	

Selecting	the	most	suitable	model	for	modelling	soil	respiration	with	this	dataset	was	done	

by	means	of	the	information-theoretic	approach.	This	approach	uses	Akaike´s	information	

criterion	(AIC)	in	model	selection	and	inference.	AIC	measures	the	loss	of	information	when	

the	model	is	used	to	explain	a	phenomenon.	Hence,	the	model	with	the	lowest	AIC	values	

has	 the	 best	 fit	 for	 this	 data	 set.	 In	 this	 case	 we	 compared	 the	 second	 order	 Akaike	

Information	Criterion	(AICc)	that	was	developed	for	small	sample	sizes.	

A	 series	 of	 working	 hypothesis	 (or	 models)	 was	 formulated	 and	 modelled	 according	 to	

expectations	 derived	 from	 literature	 review	 and	 considering	 the	 conditions	 of	 the	 study	

(Mazerolle,	 2006).	 The	 lme4	package	was	 used	 for	modelling	 linear	mixed	 effect	models	

(Bates	et	al.	2015)	and	the	AICcmodavg	package	was	used	to	calculate	the	AICc	for	model	

comparison	(Mazerolle,	2019).	Below	we	can	see	an	example	of	a	linear	mixed	effect	model	

that	was	considered	in	in	the	model	selection.	It	includes	all	the	variables	of	interest.		
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𝑙𝑜𝑔!"𝜇 =  𝛽! + 𝛽!𝑋! + 𝛽!𝑋! + 𝛽!𝑋! + 𝛾! 𝑖 + 𝛾! 𝑗 + 𝜀!" 	

(1)	

where	𝜇	is	 the	 soil	 respiration	 and 𝛽!,	𝛽!,	𝛽!	etc.	 are	 the	 fixed	 effects.	𝑋!,	𝑋!	and	𝑋!	are	

the	 independent	 variables	 canopy	 openness,	 soil	 temperature	 and	 the	 logarithm	 of	 soil	

moisture,	𝛾!(𝑖)	is	the	random	intercept	for	each	collar	and	𝛾!(𝑗)	is	a	random	intercept	for	

each	measurement	time.	𝛽!	describes	the	intercept	and	𝜀!" 	the	residual	error.	The	random	

effects	are	assumed	to	follow	normal	distribution	with	an	average	of	0.	

A	logarithmic	model	was	chosen	with	the	variables	soil	temperature	and	the	natural	log	of	

soil	moisture,	 as	 it	 was	 expected	 that	 the	 respiration	would	 increase	 exponentially	with	

rising	temperature	and	would	increase	linearly	with	rising	soil	moisture	(Saxe	et	al.	2001).	

Initially	we	tried	to	include	the	study	plot	as	a	random	variable.	However,	it	turned	out	that	

this	 made	 it	 difficult	 to	 identify	 the	 model.	 It	 resulted	 in	 a	 singular	 fit	 of	 the	 random	

parameters,	which	means	that	the	variance	is	close	to	zero.	Therefore,	the	plot	level	effect	

was	 removed	 from	 the	 analysis.	 The	 resulting	 models	 should	 be	 statistically	 correct	

although	they	do	not	allow	breaking	variances	into	collar	and	plot	components.	

Different	 alternative	models	with	 different	 combinations	 of	 the	 fixed	 and	 random	effect	

parameters	of	this	model	(Eq.	1)	were	tested	and	compared	by	means	of	the	AICc-value.	In	

the	 second	 step	 it	 was	 also	 checked	 for	 interactions	 between	 the	 parameters,	 as	 for	

example	 between	 the	 soil	 temperature	 and	 the	 date	 of	 measurement	 in	 the	 following	

model.	

𝑙𝑜𝑔!"𝜇 =  𝛽! + 𝛽!𝑋! + 𝛽!𝑋! + 𝛽!"𝑋!𝑋! + 𝛾! 𝑖 + 𝛾!(𝑗)𝑋! + 𝜀!" 	

(2)	

Again	𝜇 	is	 the	 soil	 respiration	 and 𝛽! ,	𝛽! 	and	𝛽! 	are	 the	 fixed	 effects.	 The	 fixed	 effect	

parameters	 are	 canopy	 openness	 (𝑋!)	 and	 soil	 temperature	 (𝑋!).	 Next	 to	 the	 random	

intercept	for	each	collar 𝛾!(𝑖)	an	interaction	between	the	measurement	time	and	the	soil	

temperature	has	been	considered	in	the	model	(𝛾!(𝑗)𝑋!).	

Another	 interaction	 tested	 was	 the	 one	 between	 the	 canopy	 openness	 and	 soil	

temperature		(𝛽!"𝑋!𝑋!)	as	we	can	see	in	the	next	example.	
	

𝑙𝑜𝑔!"𝜇 =  𝛽! + 𝛽!𝑋! + 𝛽!𝑋! + 𝛽!"𝑋!𝑋! + 𝛾! 𝑖 + 𝛾! 𝑗 + 𝜀!" 	

(3)	
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3	Results	

During	the	measurement	period	from	22nd	of	May	to	28th	of	August	soil	respiration	on	the	

two	plots	 ranged	between	0.104	mg	CO2	s-1	m-2	and	0.294	mg	CO2	s-1	m-2	 (Fig.	7).	 Lower	

values	were	recorded	on	the	sandy	and	less	fertile	plot	LAP	13,	except	for	the	19th	of	June.	

The	respiration	reached	its	peak	in	mid	July	on	plot	LAP	1.		

	

Fig.	7:	Mean	soil	respiration	in	mg	CO2	s-1	m-2	on	the	two	plots	LAP	1	and	LAP	13	throughout	
the	summer.		
	

Principal	component	analysis	(PCA)	was	conducted	to	analyse	the	relationship	between	soil	

respiration	and	canopy	gaps	(canopy	openness,	GLI)	and	the	features	that	were	assumed	to	

be	 affected	 by	 the	 canopy	 gaps	 –	 soil	 temperature	 and	 soil	moisture,	microbial	 biomass	

carbon	and	decomposition	rate	of	teabags,	soil	carbon	and	nitrogen	contents	and	carbon-

to-nitrogen	 ratio.	 PCA	 extracts	 the	 two	 most	 important	 dimensions	 i.	e.	 principal	

components,	from	the	collected	data	(Fig.	8).	The	first	principal	component	(PC1)	captures	

the	maximum	amount	of	variance	in	the	data,	in	this	case	36%.	PC2	is	the	second	principal	

component.	 It	 is	 orthogonal	 to	 PC1	 and	 captures	 16%	 of	 the	 variance	 in	 the	 data.	 The	
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dataset	 has	more	 dimensions,	 however	 PCA	 is	 a	means	 to	 reduce	 the	 dimensionality	 in	

order	to	give	a	characterization	of	the	dataset.	A	small	angle	between	the	arrows	indicates	

a	high	positive	correlation	between	the	features.	Arrows	pointing	into	opposite	directions	

show	 a	 negative	 correlation.	 The	 length	 of	 an	 arrow	 approximates	 strength	 of	 the	

correlation.	 Arrows	 that	 are	 pointing	 towards	 the	 same	 direction	 as	 an	 axis	 or	 in	 the	

opposite	direction,	contribute	to	that	dimension.		

	

Fig.	 8:	 Biplot	of	 the	principal	 components	PC1	and	PC2	 covering	 the	maximal	 amount	of	
variance	in	the	data	collected	in	percent.		
	

PC1	 is	characterized	through	soil	 temperature,	the	amount	of	carbon	and	nitrogen	 in	the	

mineral	soil	 (C_min,	N_min)	and	 in	 the	organic	 layer	 (C_O,	N_O),	 the	carbon-to-nitrogen-
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ratio	(CN_min,	CN_O)	and	the	decomposition	of	the	buried	teabags	(Teabag).	We	can	see	

that	the	decomposition	of	teabags	 is	negatively	correlated	with	the	soil	 temperature	and	

the	 amount	 of	 carbon	 and	 nitrogen	 in	 the	mineral	 soil.	 PC2	 is	 characterized	 by	 canopy	

openness,	 the	 global	 light	 index	 (GLI),	 soil	 respiration,	 soil	 moisture	 and	 the	 microbial	

biomass	carbon	(MicrobialC).	Respiration	correlates	to	a	certain	extent	with	soil	moisture,	

GLI,	 canopy	 openness	 and	microbial	 biomass	 carbon.	 Interestingly	 the	 canopy	 openness	

appears	 orthogonal	 to	 microbial	 biomass	 C,	 which	 means	 that	 microbial	 biomass	 C	 is	

unaffected	by	changes	in	the	canopy	openness.	

3.1	Relationship	between	soil	respiration,	soil	temperature	and	soil	moisture	

The	recorded	mean	soil	temperature	during	the	summer	increased	from	8.4°	C	in	May	till	

July,	 where	 it	 reached	 its	 maximum	 value	 of	 16.2°	 C.	 In	 August	 the	 soil	 temperature	

declined	again.	By	the	end	of	the	summer	the	average	soil	 temperature	was	12.9°	C.	The	

mean	 soil	moisture	was	 relatively	 even,	 ranging	 between	 17.7	%	 and	 22.8	%	 during	 the	

summer,	except	for	a	sudden	peak	of	32.3	%	on	3rd	of	July,	which	was	caused	by	a	major	

rain	 event	 that	 occurred	 the	 night	 before.	 After	 this	 increase	 the	 soil	moisture	 dropped	

again,	 though	 it	 remained	 then	 relatively	 stable	 for	 the	 rest	 of	 the	 summer	 and	 seemed	

unaffected	by	the	still	rising	temperatures	(Fig.	9	A).		

					 	
	

Fig.	 9:	 The	 course	 of	 mean	 soil	 moisture	 and	 mean	 soil	 temperature	 (A)	 and	 the	
development	of	mean	soil	moisture	and	mean	soil	 respiration	 throughout	 the	measuring	
period	(B).	
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Considering	the	graphical	illustration,	the	development	of	the	soil	respiration	appears	to	be	

associated	with	the	changes	in	the	soil	moisture.	It	increases	with	increasing	soil	moisture	

and	drops	when	the	soil	moisture	is	declining	(Fig.	9	B).		

According	 to	 the	 hypotheses	 soil	 respiration	 increases	 with	 rising	 soil	 moisture	 and	 soil	

temperature.	 As	 expected	 the	 respiration	 increases	 exponentially	 with	 rising	 soil	

temperature	 (p-value:	 <	 2.2e-16)	 and	 27	 %	 of	 the	 variance	 in	 soil	 respiration	 can	 be	

explained	 by	 soil	 temperature	 as	 explanatory	 variable	 (Multiple	 R-squared:	 	 0.2731,	

Fig.	10	A).	

	

	 	

Fig.	10:	Soil	respiration	in	mg	CO2	s-1	m-2	plotted	against	the	soil	temperature	in	°C	(A)	and	
soil	respiration	plotted	against	soil	moisture	in	%	recorded	during	the	summer	(B).		
	
There	 is	a	 linear	 relationship	between	soil	moisture	and	soil	 respiration	 (p-value:	2.085e-

09),	 however	 the	 coefficient	 of	 determination	 (R2)	 amounts	 to	 0.1069	 (Fig.	 10	 B).	 That	

means	that	only	about	10	%	of	the	variance	in	the	respiration	values	can	be	explained	by	

soil	moisture.	A	major	 amount	of	 the	measured	 soil	moisture	 values	 range	 around	22	%	

with	varying	soil	respiration	values	associated	to	them	(Fig.	10	B).	This	pattern	also	shows	

when	analysing	the	variance	of	the	errors	in	the	diagnostic	plot	‘Residual	versus	Fitted’.			

A	 B	
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3.2	Soil	respiration	under	canopy	and	in	canopy	gaps	

I	 hypothesized	 that	 the	 soil	 respiration	 increased	 under	 canopy	 gaps	 compared	 to	 fully	

covered	 spots,	based	on	 the	assumption	 that	 the	 soil	moisture	and	 soil	 temperature	are	

higher	 in	canopy	gaps.	We	already	know,	that	there	is	a	positive	correlation	between	soil	

respiration	and	soil	temperature	and	also	soil	moisture.		
	

	 	
Fig.	 11:	 Boxplots	 of	 mean	 soil	 respiration	 in	mg	 CO2	s-1	 m-2	at	 every	measuring	 point	 in	
canopy	gaps	(blue)	and	the	corresponding	point	under	canopy	(red)	on	the	plots	LAP	1	and	
LAP	13.	For	example	point	1	 is	 located	 in	 the	gap,	whereas	 reference	point	1b	 is	 located	
under	canopy	nearby.	The	line	in	the	center	marks	the	median,	i.e.	50	%	of	the	values,	the	
box	marks	the	upper	and	lower	quartiles	(25	%	and	75	%	of	the	values)	and	the	whiskers	
show	the	variability	of	the	values	outside	the	quartiles.	
	

The	respiration	in	the	canopy	gaps	is	predominantly	higher	compared	to	the	corresponding	

point	under	canopy,	except	for	five	cases	where	respiration	is	higher	under	canopy	than	in	

the	 gap	 (Fig	 11).	 The	 mean	 soil	 respiration	 in	 the	 gaps	 is	 1.18	 times	 higher	 than	 the	

respiration	 under	 canopy,	 i.e.	 the	 CO2	 efflux	 in	 the	 gaps	 is	 in	 average	 0.0243	mg	 s-1	m-2	

higher	(Fig.	12).	The	paired	students	t-test	comparing	the	means	of	the	respiration	values	

under	canopy	and	in	canopy	gaps,	confirms	these	results	(p-value	=	5.198e-05).	Considering	

each	 plot	 separately,	 the	 difference	 could	 only	 be	 confirmed	 in	 plot	 LAP	 13	 (p-value	 =	

5.332e-05),	but	not	on	LAP	1	(p-value	=	0.1004).	No	statistical	difference	was	found	for	the	
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soil	 respiration	values	between	the	 two	plots	 (p-value	=	0.1426).	The	mean	soil	moisture	

during	 the	measuring	 period	 does	 not	 differ	 statistically	 under	 canopy	 compared	 to	 the	

canopy	gaps	on	neither	one	of	the	plots	(paired	t-test,	p-value	=	0.1947).	The	same	is	true	

for	the	mean	soil	temperature	(p-value	=	0.4046).		
	

	

Fig.	12:	Boxplots	comparing	the	mean	soil	respiration	in	mg	CO2	s-1	m-2	(A),	the	mean	soil	
moisture	 in	%	 (B)	 and	 the	mean	 soil	 temperature	 in	 °C	 (C)	 under	 canopy	 and	 in	 canopy	
gaps.	
	

Considering	the	values	derived	from	the	hemispherical	pictures	–	GLI	and	canopy	openness	

–	we	can	only	see	tendencies,	but	not	confirm	these	relationships	statistically	(Tab.	2).		

	
Tab.	 2:	 Relationships	 between	 canopy	 openness,	 GLI	 and	mean	 soil	moisture,	mean	 soil	
temperature	and	mean	soil	respiration	recorded	during	the	measuring	period.	Values	given	
are	the	correlation	factor	and	the	p-value.	
	
	

	

	

correlation	factor p-value correlation	factor p-value
Mean	soil	moisture 0.16 0.314 0.06 0.728
Mean	soil	temperature -0.23 0.147 0.05 0.765
Mean	soil	respiration 0.24 0.134 0.21 0.205

Openness Global	light	index

B	A	 C	
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The	 soil	 respiration	 is	 mainly	 higher,	 when	 the	 canopy	 openness	 is	 higher,	 but	 this	

tendency	 cannot	 be	 confirmed	 statistically	 (Fig.	 13,	 Tab.	 2).	 The	 same	 accounts	 for	 the	

relationship	 to	 soil	moisture	and	soil	 respiration	as	well	as	 the	 relationships	of	 the	 latter	

two	 with	 the	 GLI.	 Hence,	 we	 can	

conclude	 that	 the	 soil	 respiration	 in	

canopy	 gaps	 is	 higher	 compared	 to	

the	 one	 under	 canopy	 cover.	

However,	we	could	not	confirm	that	

the	 temperature	 and	 moisture	 are	

differing	 in	 the	 gaps,	 compared	 to	

fully	 covered	 spots.	 Neither	 did	 the	

canopy	openness	and	the	GLI	at	each	

measuring	 point	 affect	 soil	

temperature	and	soil	moisture.			

	
	

	

Fig.	13:	Scatterplot	of	soil	respiration	in	mg	CO2	s-1	m-2	and	canopy	openness	in	%,	including	
the	 linear	 regression	 line.	 The	 grey	 area	 marks	 the	 confidence	 interval.	 Blue	 points	 are	
measuring	points	in	the	canopy	gaps	and	red	points	refer	to	the	points	under	canopy.	
	

3.3	 Soil	 carbon	 and	 nitrogen,	 microbial	 biomass	 carbon	 and	 microbial	

decomposition	

Here	we	 test	 the	hypothesis	 that	microbial	biomass	and	microbial	decomposition	will	be	

higher	 in	 canopy	 gaps	 than	 under	 closed	 canopy.	 It	 is	 based	 on	 the	 assumption	 that	

microbial	 activity	 increases	 with	 higher	 soil	 temperatures	 and	 higher	 soil	 moisture.	

However,	the	data	shows	that	there	is	no	difference	in	soil	temperature	and	soil	moisture	

in	gaps,	compared	to	full	canopy	cover	(see	3.2).	The	PCA	(Fig.	8)	suggested	that	there	is	no	

correlation	between	microbial	biomass	carbon	and	the	canopy	openness,	or	 the	GLI.	The	

same	applies	to	the	relationship	between	the	decomposition	of	teabags	and	GLI	or	canopy	

openness.	The	paired	t-Test	for	the	means	confirms	these	results.	The	microbial	biomass	C	

under	 canopy	 does	 not	 differ	 from	 the	 one	 measured	 in	 the	 gaps	 (p-value	 =	 0.321,	

Fig.	14	A),	though	we	can	see	a	tendency	towards	higher	amounts	of	microbial	biomass	C	in	
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the	canopy	gaps.	The	mean	decomposition	rates	of	 the	teabags	under	canopy	and	 in	the	

gaps	also	do	not	differ	(p-value	=	0.4312,	Fig.	14	B).	

	
	

Fig.	14:	Boxplots	showing	the	differences	between	microbial	biomass	C	in	mg	g-1	(A)	and	
weigth	loss	of	teabags	in	%	(B)	under	canopy	and	in	canopy	gaps.	
	
The	means	of	microbial	biomass	C	and	decomposition	 rate	differ	more	between	 the	 two	

plots	 than	 between	 points	 under	 canopy	 and	 in	 canopy	 gaps	 (Tab.	 3).	 The	 amount	 of	

microbial	 biomass	 C	 on	 the	 more	 fertile	 plot	 LAP	 1	 is	 higher	 than	 the	 amount	 on	 plot	

LAP	13	(p-value	=	0.01508).	The	weight	loss	due	to	decomposition	is	higher	on	LAP	13	than	

the	loss	on	LAP	1	(p-value	=	2.1e-09).	

Carbon	and	nitrogen	 stocks	 in	 the	mineral	 soil	 are	higher	 in	 gaps	 then	under	 canopy	 (p-

values	 =	 0.03865	 and	 0.004429	 respectively).	 When	 analysing	 the	 plots	 separately,	 this	

applies	 to	LAP	13	(p-value	=	0.0001	and	0.008113	respectively),	but	not	to	plot	LAP	1	 (p-

value	=	0.6693	and	0.08527,	Tab.	3).	Like	soil	respiration	carbon	and	nitrogen	stocks	have	a	

positive	 linear	 relationship	with	 soil	 temperature	 (p-value:	 0.03715	and	p-value:	 0.01707	

respectively).	 Soil	 carbon	 and	 nitrogen	 stocks	 in	 the	 organic	 layer	 are	 unaffected	 by	 the	

canopy	gaps	(p-value	=	0.5617	and	0.9916	respectively).	The	same	applies	to	the	calculated	

carbon-to-nitrogen	ratio	in	the	organic	layer	as	well	as	in	the	mineral	soil	(p-values	=	0.1233	

and	0.6438,	respectively,	Tab.	3).	No	relationships	were	found	between	the	soil	respiration	

and	the	carbon	and	nitrogen	stocks	or	the	carbon-to-nitrogen	ratio	in	the	organic	layer	or	

the	mineral	soil	(Fig.	1,	Tab.	1,	in	Appendix).			

A	 B	
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Tab.	 3:	 Mean	 values	 of	 microbial	 biomass	 CFE-C	 flush,	 weight	 loss	 of	 teabags,	 C	 and	 N	
content	and	the	carbon-to-nitrogen	ratio	of	the	organic	layer	and	the	mineral	soil	on	plot	
LAP	1	and	LAP	13	under	canopy	and	in	the	gaps.	Numbers	in	parentheses	give	the	standard	
deviation.	
	

	

	
Microbial	biomass	C	and	the	weight	loss	of	teabags	appear	to	be	related	to	each	other,	but	

in	an	unexpected	direction,	as	the	data	seems	negatively	correlated	(Fig.	15).	The	lower	the	

amount	 of	microbial	 biomass	 C	 in	 the	 soil,	 the	 higher	was	 the	weight	 loss	 of	 the	 buried	

teabags	 during	 the	 period	 of	 the	 experiment.	 If	 we	 look	 at	 the	 results	 for	 each	 stand	

separately	though,	we	cannot	find	

such	 a	 correlation.	 Within	 one	

stand	 microbial	 biomass	 C	 and	

decomposition	 rate	 were	 not	

correlated.	On	 LAP	1	 the	amount	

of	 microbial	 biomass	 C	 in	 the	

ground	 was	 mainly	 higher,	

whereas	 the	 weight	 loss	 of	 the	

teabags	 was	 lower,	 compared	 to	

LAP	13	(Fig.	15).	

	
	

Fig.	15:		Relationship	between	microbial	biomass	C	in	mg	g-1	and	the	weight	loss	of	teabags	
due	to	decomposition	in	%	(decomposition	rate)	on	the	two	plots.		
	
The	 relationship	between	 the	decomposition	 rate	and	 the	 total	 soil	 carbon	 stocks	 shows	

the	same	pattern.	(Fig.	16	A).	At	first	glance	one	might	presume	a	negative	correlation,	i.e.	

Microbial	biomass	CFE-C	flush	in	mg	g-1 0.67 ±	(0.13) 0.71 ±	(0.11) 0.47 ±	(0.22) 0.55 ±	(0.35)

Weight	loss	of	teabags	in	% 48.8 ±	(3.6) 49.5 ±	(3.3) 60.8 ±	(3.6) 58.3 ±	(4.9)

C	in	organic	layer	in	g	m2 1554 ±	(497) 1222 ±	(468) 1647 ±	(631) 2220 ±	(1067)

N	in	organic	layer	in	g	m2 83.7 ±	(38.1) 65 ±	(22.2) 84.5 ±(35.5) 103 ±	(43.0)

Carbon-to-nitrogen	ratio	of	organic	layer 16.7 ±	(1.5) 15.9 ±	(1.5) 19.8 ±	(2.8) 21.3 ±	(2.6)

C	in	mineral	soil	in	g	m2 7463 ±	(1653) 7252 ±(1301) 3745 ±	(913) 5571 ±	(1083)

N	in	mineral	soil	in	g	m2 687 ±	(115.1) 756 ±	(89.3) 317.3 ±	(62.5) 362.6 ±	(78.9)

Carbon-to-nitrogen	ratio	of	mineral	soil 10.8 ±	(1.2) 9.5 ±	(0.8) 11.8 ±	(1.2) 15.5 ±	(1.1)

LAP	1 Lap	13
under	canopy in	gaps under	canopy in	gaps
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that	 the	decomposition	of	 the	 teabags	was	 faster	on	points	with	 less	available	carbon	 in	

the	mineral	soil.	But	also	here	we	can	see	that	we	have	basically	two	clusters	of	points	–	

one	 for	 each	 study	 plot	 –	 and	 within	 each	 cluster	 the	 observations	 are	 actually	

uncorrelated	(p-value:	0.9557	–	LAP	1	and	0.2882	–	LAP	13).	The	carbon	stocks	on	the	plots	

are	very	different.	On	LAP	1	the	means	are	7463	g	m2	under	canopy	and	7252	g	m2	in	the	

gaps	and	on	plot	LAP	13	they	amount	to	3745	g	m2	and	5571	g	m2	respectively	(Tab.	3).	
	

	
Fig.	 16:	Relationship	between	 the	decomposition	 rate	of	 the	 teabags	 and	 the	amount	of	
carbon	in	the	mineral	soil	(A)	and	the	relationship	between	the	decomposition	of	teabags	
and	the	carbon-to-nitrogen	ratio	of	the	mineral	soil	(B).	
	

The	 analysis	 of	 the	 relationship	 between	 the	 decomposition	 rate	 and	 the	 carbon-to-

nitrogen	ratio	of	the	mineral	soil	again	shows	the	two	clusters	for	the	two	plots	(Fig.	16	B).	

The	carbon-to-nitrogen	ratio	 is	 lower	on	LAP	1.	The	mean	value	 in	the	mineral	soil	under	

canopy	is	10.8	and	in	the	gaps	9.5.	On	plot	LAP	13	the	carbon-to-nitrogen	ratio	 is	higher.	

The	mean	value	in	the	mineral	soil	is	11.8	under	canopy	and	15.5	in	the	gaps	(Tab.	3).	The	

carbon-to-nitrogen	 ratio	 of	 the	 green	 tea	 in	 the	 teabags	 is	 about	 12.2	 (Keuskamp	 et	 al.	

2013).		

A	 B	
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3.4	The	impact	of	plant	respiration	on	soil	respiration	measurements	

After	the	measurement	period	the	green	vegetation	parts	within	the	collars	were	collected	

and	dried	to	quantify	the	impact	of	the	plant	respiration	on	the	measurements.	There	was	

more	dry	biomass	in	the	collars	on	plot	LAP	13	compared	to	plot	LAP	1	(p-value	=	0.000373,	

Fig	17	B).	This	is	probably	because	of	the	thicker	ground	cover	of	mosses	on	the	less	fertile	

plot.	There	was	no	difference	between	the	amounts	of	biomass	in	the	collars	in	the	canopy	

gaps,	 compared	 to	 under	 canopy	 cover	 (p-value	 =	 0.1223,	 Fig	 17	 C).	 I	 could	 not	 find	 a	

relationship	 between	 the	 measured	 soil	 respiration	 and	 the	 dry	 biomass	 in	 the	 gaps	

(Fig.	17	A).	This	indicates	that	the	share	of	plant	respiration	in	the	measured	soil	respiration	

is	rather	small.		
	
	

	
		

	
Fig.	17:	Relationship	between	oven	dry	weight	of	green	vegetation	 inside	 the	collars	and	
soil	 respiration	 (A),	 comparison	 of	 the	weight	 of	 dried	 vegetation	 per	 collar	 on	 the	 two	
plots	(B)	and	comparison	of	the	weight	of	dried	vegetation	per	collar	between	points	under	
canopy	and	in	the	gap	(C).	
	
Furthermore	 three	 square	 meters	 of	 ground	 vegetation	 were	 analysed	 for	 species	

abundance	and	percentage	of	vegetation	cover	under	canopy	and	in	the	gaps	at	each	plot.	

The	number	of	plant	species	is	higher	on	the	more	fertile	plot	LAP	1,	which	is	characterized	

by	a	 rich	herbaceous	 layer	 (Tab.	4).	We	can	 find	more	different	 species	 in	 the	gaps	 than	

under	 canopy	 and	 also	 the	 percentage	 covered	 by	 vegetation	 is	 higher	 in	 the	 gaps	 on	

A	 B	 C	
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LAP	1.	On	 LAP	13	mosses	 and	berry	 shrubs	 dominate	 the	 ground	 vegetation.	 The	overall	

coverage	is	higher	than	on	LAP	1	and	evenly	high	under	canopy	and	in	canopy	gaps	(Tab.	4).		
	

Tab.	 4:	Number	of	plant	 species	 and	estimated	 coverage	 in	percent	 found	on	 LAP	1	 and	
LAP	13	under	canopy	and	in	canopy	gaps.	
	

	 	

LAP 1 LAP 13

Number of species Gap 33 16

Canopy 25 12

Total 39 19

Coverage in % Gap 97.6 91.9

Canopy 48.6 97.1

Total 73.1 94.5
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3.5	Modelling	soil	respiration	

In	 the	 following	 section	 the	 collected	 data	 was	 fitted	 to	 different	 linear	 mixed	 effect	

models	in	order	to	model	soil	respiration	with	the	data	collected	and	see	if	the	gaps	have	

an	 impact	 on	 the	 respiration.	 The	 models	 were	 compared	 with	 analysis	 of	 variance	

(ANOVA)	 and	 the	 best	 fitting	 model	 was	 selected	 by	 comparing	 the	 AICc	 values.	 A	

correlation	 analysis	 indicates	 that	 soil	 respiration	does	not	 have	 strong	 correlations	with	

the	 other	 variables	 (Fig.	 18).	 It	 has	 the	 strongest	 correlation	 with	 soil	 temperature,	

followed	by	soil	moisture.	Canopy	openness	and	GLI	play	a	minor	role.	
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Fig.	18:	Correlation	plot	visualizing		
the	correlations	for	the	recorded	variables.	
Bigger	circles	indicate	a	stronger	correlation,	
smaller	circles	a	weaker	correlation.	
Red	colour	indicates	a	negative	correlation	and	
blue	colour	a	positive	correlation.	The	more	intense	
the	 colour,	 the	 stronger	 the	 relationship.	 Numbers	
given	are	the	correlation	coefficients.	
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Ten	different	models	of	the	type	of	Eq.	1,	2	&	3	were	compared	(Table	4).	The	choice	of	the	

explanatory	variables	 integrated	was	explained	under	 section	2.6.	GLI	was	not	used	as	 it	

showed	a	weaker	relationship	with	the	soil	respiration.		
	

Tab.	 4:	 Models	 compared	 in	 the	 model	 selection	 by	 means	 of	 the	 AICc.	 Bayesian	
Information	Criterion	(BIC)	 is	given	for	comparison.	Openness,	 temperature	and	moisture	
are	 fixed	 effects	 parameters.	 The	 position	 of	 each	 single	 collar	 (Name)	 and	 the	
measurement	time	(Date)	are	associated	with	random	effect	parameters.	
	

	
	

Comparing	model	M1	 and	M2	 with	 ANOVA,	 we	 test	 if	 canopy	 openness	 is	 a	 significant	

variable	 for	modelling	 soil	 respiration	 under	model	M2.	Model	M1	 is	 the	 so-called	 null-

model.	It	only	includes	the	random	effect	parameter	Collar	and	a	dummy	variable	instead	

of	a	fixed	effect	parameter.	The	ANOVA	returns	that	there	is	a	significant	effect	of	canopy	

openness	on	soil	respiration,	although	at	0.06	probability	(p-value:	0.06345).	Models	M3-

M7	are	integrating	different	fixed	and	random	parameters	in	order	to	test	their	significance	

for	modelling.	 In	 the	Model	M8-M10	the	models	are	tested	 for	 interactions	between	the	

canopy	 openness	 and	 soil	 temperature	 as	 well	 as	 the	 soil	 temperature	 and	 the	 date	 of	

measuring.	Model	M6	has	the	lowest	AICc-value	and	also	the	lowest	values	of	the	Bayesian	

information	criterion	(BIC),	which	means	that	it	fits	best	to	model	soil	respiration	with	the	

data	recorded.	It	has	the	following	formula:		

	

𝑙𝑜𝑔!"𝜇 =  𝛽! + 𝛽!𝑋! + 𝛾! 𝑖 + 𝛾! 𝑗 + 𝜀!" 	

(4)	

Model	parameters Model	ID Log-likelihood AICc BIC

Collar	 M1 57.85 -103.2786 -98.4

Openness	Collar M2 59.573 -95.13177 -96.07

Openness	Collar	Date M3 240.665 -457.8697 -452.49

Openness	Temperature	Collar	Date M4 244.779 -455.5282 -454.95

Openness	Temperature	Moisture	Collar	Date M5 245.211 -449.1068 -450.04

Temperature	Collar	Date M6 242.736 -463.0314 -456.63

Temperature	Moisture	Collar	Date M7 243.203 -456.7015 -451.8

Openness	Temperature	Collar	Temperature|Date M8 246.189 -455.4568 -446.23

Openness	Temperature	Openness*Temperature	Collar	Date M9 244.785 -439.6763 -449.19

Temperature	Collar	Temperature|Date M10 244.12 -462.9197 -447.86
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where	𝜇	is	the	soil	respiration	and 𝛽!	and	𝛽!are	the	fixed	effects.	𝑋!	is	the	soil	temperature	

and	𝛾!(𝑖)	is	the	random	intercept	for	each	collar	and	𝛾!(𝑗)	is	the	random	intercept	for	each	

measurement	time.	The	model	does	not	 include	openness	or	soil	moisture	as	fixed	effect	

parameters.	

4	Discussion	

The	 aim	 of	 this	 research	 was	 to	 find	 patterns	 in	 the	 soil	 respiration	 and	 soil	 carbon	

content	 in	uneven	aged	stands	that	are	related	to	canopy	gaps,	hence	the	 light	regime.	

We	 tried	 to	 assess	 the	 effect	 of	 canopy	 gaps	 on	 soil	 respiration,	 soil	 carbon	 content,	

microbial	decomposition	and	microbial	biomass	in	order	to	draw	conclusions	how	uneven	

aged	forest	management	should	be	adjusted	to	avoid	carbon	losses	from	the	soil.	

	

The	mean	soil	 respiration	measured	 in	canopy	gaps	was	significantly	higher	than	the	soil	

respiration	under	canopy	cover.	Though,	when	 the	 results	were	analysed	 for	each	of	 the	

plots	separately,	the	difference	was	only	significant	on	plot	LAP	1.	The	respiration	on	plot	

LAP	13	was	higher	in	the	gaps	than	under	canopy,	but	the	paired	t-test	did	not	confirm	this	

tendency	 as	 a	 significant	 difference.	 The	 measurements	 from	 A.	 Kumpu	 (Kumpu	 et	 al.	

2018)	 that	 were	 collected	 at	 the	 same	 plots	 showed	 the	 same	 difference	 between	

measurements	 in	 gaps	 and	 under	 canopy,	 with	 the	 dissimilarity,	 that	 the	 significant	

difference	was	found	on	plot	LAP	1	and	the	measurements	on	plot	LAP	13	only	showed	the	

tendency,	but	it	could	not	be	confirmed	statistically.	However,	the	stone	content	especially	

on	 LAP	 13	 lead	 to	 some	 collars	 on	 very	 shallow	 soil,	 which	 probably	 affected	 the	 soil	

respiration	 strongly	 and	had	an	 impact	on	 these	 results.	 The	higher	 respiration	values	 in	

canopy	gaps	occurred	on	plot	LAP	13	in	year	2015	and	on	plot	LAP	1	in	2018,	but	the	result	

from	2015	could	not	be	repeated.	The	measured	increase	in	the	gaps	accounts	for	0.0243	

mg	 CO2	 s-1	 m-2	 in	 average.	 Kumpu	 measured	 a	 higher	 difference	 of	 0.081	 mg	 s-1	 m-2	

between	the	respiration	in	the	gaps	and	under	canopy.	Yet,	the	values	measured	by	Kumpu	

where	generally	higher	with	a	mean	CO2	efflux	of	0.298	and	0.257	mg	s-1	m-2	on	plot	LAP	1	

and	LAP	13	respectively,	whereas	the	mean	respiration	measured	 in	this	study	was	0.212	

mg	CO2	s-1	m-2	on	LAP	1	and	0.201	mg	CO2	s-1	m-2	on	LAP	13.	The	most	probable	reason	for	
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this	 is,	 that	 the	 summer	 in	 2015	was	warmer	 than	 the	 summer	 in	 2018.	 Hence	 the	 soil	

temperature	recorded	by	Kumpu	was	also	higher.	Furthermore	Kumpu	et	al.	2018	did	not	

include	 the	 volume	 of	 the	 collar	 for	 the	 calculation	 of	 the	 efflux	 in	mg	 s-1	m-2	 from	 the	

concentration	in	mg	m-3,	which	probably	leads	to	slightly	higher	values.	

	

The	main	 drivers	 of	 soil	 respiration	 are	 soil	 moisture	 and	 soil	 temperature.	 In	 the	 gaps	

higher	 amounts	 of	 light	 reaching	 the	 forest	 floor	 were	 expected	 to	 increase	 the	 soil	

temperature	 and	 reduced	 interception	 was	 expected	 to	 cause	 higher	 soil	 moisture.	

However,	 the	 measured	 soil	 moisture	 content	 was	 not	 significantly	 higher	 in	 the	 gaps	

compared	 to	 under	 canopy	 and	 the	 same	 accounts	 for	 the	 soil	 temperature.	 That	 the	

canopy	gaps	showed	no	effects	might	be	due	to	the	fact	that	the	canopy	in	boreal	forests	is	

less	dense	and	has	thus	a	weaker	protective	function	compared	to	other	forest	types,	such	

as	for	example	temperate	forests	(de	Römer	et	al.	2007).	The	summer	2018	in	Finland	was	

exceptionally	 hot	 and	 dry,	 especially	 in	 the	 beginning.	 From	 May	 till	 August	 it	 was	 in	

average	 2,5°C	warmer	 compared	 to	 the	 average	 temperature	 from	 1981-2010	 for	 these	

months,	whereas	the	precipitation	amounted	to	81,7%	of	the	average	precipitation	during	

summer	 months	 between	 1981	 and	 2010	 (Finnish	 meteorological	 institute,	 2019).	

However,	the	measured	soil	moisture	content	did	not	show	bigger	changes,	but	remained	

relatively	stable.	That	might	be	because	of	crown	cover	protection	and	the	insulation	of	the	

soil	through	the	ground	vegetation	and	the	organic	 litter	 layer	(Fisher	&	Binkley,	2000,	p.	

140).	Although,	the	soil	temperature	showed	bigger	variations	throughout	the	summer	and	

the	 soil	moisture	 should	 be	 linked	 to	 soil	 temperature.	 It	 is,	 thus,	 possible	 that	 the	 soil	

moisture	measurements	were	flawed,	for	example	due	to	equipment	failure.		

	

Another	reason	for	a	higher	respiration	could	be	a	higher	microbial	activity	under	canopy	

gaps.	The	microbial	biomass	C	showed	indeed	the	tendency	to	yield	higher	amounts	in	the	

canopy	 gaps	 on	 both	 plots,	 but	 it	 could	 not	 be	 confirmed	 statistically.	 Also	 the	

decomposition	 rate,	 analysed	 with	 the	 teabag	 method	 did	 not	 differ	 between	 the	

measuring	points	in	gaps	and	under	canopy.	Decomposition	rate	and	microbial	biomass	C	

both	 differed	 strongly	 between	 the	 two	 plots,	 although	 soil	 respiration	 did	 not	 differ	
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between	plots.	The	decomposition	rate	was	higher	on	plot	LAP	13,	whereas	the	microbial	

biomass	 C	 flush	was	 higher	 on	 the	more	 fertile	 plot	 LAP	 1.	 The	 question	 arises	why	 the	

decomposition	of	organic	material	 is	higher,	when	the	microbial	biomass	C	 is	 lower.	One	

possible	explanation	could	be	the	hypothesis	of	home	field	advantage	(Veen	et	al.	2015).	It	

is	based	on	the	assumption	that	plant	species	have	specific	decomposer	communities	that	

are	adapted	to	break	down	a	certain	litter	type.	Therefore,	the	decomposition	rate	of	plant	

litter	is	faster	in	presence	of	the	plant	it	is	derived	from,	i.e.	at	home.	This	means	also	that	

the	decomposition	of	 litter	 that	 is	 introduced	 from	another	site	 is	higher	when	the	plant	

communities	of	the	home	and	away	sites	are	similar	and	the	quality	of	the	dominant	litter	

is	thus	similar	(Veen	et	al.	2015).	That	could	explain	why	the	tea	with	a	carbon-to-nitrogen	

ratio	of	12.2	is	decomposing	faster	on	the	less	fertile	plot	LAP	13	with	an	average	carbon-

to-nitrogen	ratio	 in	 the	mineral	soil	of	13.7	 than	on	LAP	1,	where	the	carbon-to-nitrogen	

ratio	 is	10.2.	The	carbon-to-nitrogen	 ratio	of	green	 tea	 is	 slightly	more	similar	 to	 that	on	

plot	 LAP	 13	 compared	 to	 plot	 LAP	 1.	 Carbon-to-nitrogen	 ratio	 can	 furthermore	 be	

interpreted	 as	 a	 measure	 for	 decomposability.	 A	 low	 ratio	 means	 that	 there	 is	 a	 lot	 of	

nitrogen	in	the	organic	compounds,	which	soil	microbiota	need	to	build	amino	acids.	Thus	a	

low	ratio	implies	that	the	organic	material	is	more	easily	decomposable	(Blum	2007,	p.34).	

The	 green	 tea	 has	 a	 higher	 carbon-to-nitrogen	 ratio	 than	 the	 material	 on	 plot	 LAP	 1.	

Therefore,	 it	 is	 harder	 to	 decompose	 for	 the	 microbiota	 on	 this	 plot	 compared	 to	 the	

available	material.	 The	more	attractive	 the	 tea	 compared	 to	 the	organic	material	 on	 the	

site,	the	quicker	it	was	decomposed.	A	high	clay	content	(Fisher	&	Binkley,	2000,	p.193)	and	

reduced	aeration	(Fisher	&	Binkley,	2000,	p.145)	can	slow	down	decomposition	processes	

and	thus	could	be	the	explanation	why	the	decomposition	on	plot	LAP	1	is	smaller	than	on	

LAP	 13.	 The	 clay	 content	 is	 high	 on	 plot	 LAP	 1.	 However,	 that	 applies	 especially	 for	 the	

deeper	soil	 layers,	yet	 the	teabags	were	buried	 in	8	cm	soil	depth.	Mottles	 in	 the	soil	on	

LAP	1	 indicate	 that	 anaerobic	 conditions	 with	 reduced	 aeration	 prevail	 occasionally,	 but	

also	here	it	is	questionable	if	these	conditions	affected	the	upper	soil	layers.		

In	any	way,	the	teabags	do	not	seem	to	be	a	good	indicator	for	total	microbial	biomass	in	

this	study.	Furthermore	teabag	decomposition	was	not	correlated	with	the	soil	respiration	

values,	 even	 though	 it	 constitutes	one	of	 the	 two	 components	of	 soil	 respiration.	 In	 this	
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experiment	the	respiration	of	the	vegetation	within	the	collars	was	also	included	in	the	soil	

respiration	measurements,	as	the	vegetation	was	not	removed.	The	dry	biomass	weight	of	

this	 vegetation	 was	 not	 affected	 by	 the	 gaps	 and	 was	 not	 correlated	 with	 the	 soil	

respiration	values.	Thus,	the	major	impact	of	the	gaps	must	be	on	the	second	component	

of	 soil	 respiration,	 i.e.	 respiration	of	 roots	 and	mycorrhiza.	 Tree	 roots	might	 explore	 the	

canopy	gaps	as	there	is	less	competition	compared	to	the	closed	stands.	The	methods	for	

estimation	 of	 root	 and	 mycorrhiza	 respiration	 are	 either	 destructive	 (Pumpanen	 et	 al.	

2015)	or	laborious	and	time	consuming	and	would	have	exceeded	the	scope	of	this	study.		

	

Another	cause	of	 the	higher	 soil	 respiration	 in	canopy	gaps	could	be	a	higher	amount	of	

organic	material	 in	 the	 soil.	 The	 stocks	 of	 carbon	 and	 nitrogen	 in	 the	mineral	 soil	were	

statistically	higher	 in	canopy	gaps	 than	under	canopy.	This	 is	 in	 line	with	 the	expectation	

that	 harvesting	 residues	 above	 as	 well	 as	 decaying	 dead	 roots	 below	 ground	 provide	 a	

major	 input	 of	 C	 to	 the	 soil	 in	 the	 canopy	 gaps.	 And	 it	 means	 that	 six	 years	 after	 the	

harvest,	with	apparently	higher	soil	respiration	in	the	gaps,	the	C	stocks	 in	the	gaps	were	

not	declined.	In	order	to	precisely	estimate	the	effects	of	soil	respiration	on	soil	C	stocks	it	

would	 be	 necessary	 to	 quantify	 the	 two	 components	 of	 respiration	 –	 autotrophic	

respiration	 from	 roots	 and	mycorrhiza	 and	 heterotrophic	 respiration	 by	microbes,	which	

consumes	soil	carbon	during	microbial	decomposition	(Pumpanen	et	al.	2015).	Moreover,	

long-term	measurements	would	be	necessary	 to	determine	 the	 continuing	effects	of	 the	

gaps	on	the	soil	carbon	stocks.		

The	 stocks	 in	 the	 organic	 layer	 did	 not	 differ	 between	 the	 points	 in	 the	 gaps	 and	 under	

canopy.	 The	 carbon-to-nitrogen	 ratio	 was	 neither	 in	 the	 organic	 nor	 in	 the	mineral	 soil	

affected	by	the	canopy	gaps.	Like	soil	respiration,	C	and	N	stocks	in	the	mineral	soil	had	a	

positive	 linear	 relationship	with	 soil	 temperature.	However,	 no	 relationships	were	 found	

between	 the	measured	 soil	 respiration	and	 the	C	and	N	 stocks	 in	 the	organic	 soil	 or	 the	

carbon-to-nitrogen	ratios.		

	

The	 size	of	 the	gaps	as	 a	 factor	 influencing	 the	 soil	 respiration	was	determined	with	 the	

global	 light	 index	 and	 the	 canopy	 openness	 –	 the	 two	 variables	 derived	 from	 the	
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hemispherical	photographs.	 Linear	 relationships	with	other	measured	variables	could	not	

be	proven	statistically.	For	example,	when	comparing	the	means	of	the	soil	respiration	 in	

the	gaps	and	under	canopy,	the	mean	in	the	gap	is	higher.	Yet,	the	same	relationship	could	

not	be	proven	with	canopy	openness.	That	would	mean,	that	the	gaps	have	an	influence	on	

soil	 respiration,	 but	 the	 gap	 size	 is	 less	 important.	 There	 is	 a	 tendency	 that	 the	 soil	

respiration	increases	with	increasing	canopy	openness,	but	it	is	not	statistically	significant.	

Perhaps	 it	 could	 be	 supported	 with	 more	 sample	 points	 or	 then	 it	 might	 be	 better	 to	

choose	 a	 different	 method	 to	 quantify	 the	 canopy	 gaps.	 Features	 that	 probably	 also	

affected	 the	 soil	 respiration	 measurements	 and	 could	 not	 be	 captured	 with	 the	

hemispherical	photos,	are	the	orientation	of	the	gap	and	the	aspect	of	the	sun	during	the	

time	of	measurement.	Over	recent	decades	there	has	been	increasing	questioning	also	of	

the	 role	of	 gap	dynamics	 in	 general,	which	 comes	 from	 the	difficulty	 of	 determining	 the	

impact	of	canopy	gaps	(de	Römer	et	al.	2007).	How	a	gap	affects	a	surface	area	depends	

furthermore	on	the	species	and	the	height	of	the	trees	bordering	the	gap	(de	Römer	et	al.	

2007),	 which	 have	 not	 been	 recorded	 in	 this	 study.	 The	 litter	 of	 different	 tree	 species	

differs	in	decomposability.	Usually	the	litter	of	broadleaved	trees	decomposes	faster	then	

the	needles	of	coniferous	tress	(Fisher	&	Binkley,	2000,	p.142).	Thus,	a	gap	surrounded	by	

spruces	 might	 yield	 different	 soil	 respiration	 rates	 compared	 to	 a	 gap	 surrounded	 by	

birches.		
	

In	model	comparison	based	on	the	AICc	we	found,	that	canopy	openness	has	an	effect	on	

soil	respiration,	however,	the	model	with	the	best	fit	does	not	include	canopy	openness	as	

a	variable.	The	model	with	the	best	fit	had	soil	temperature	as	the	only	fixed	effect	variable	

and	the	collars	and	the	time	of	measurements	as	random	effect	variables.	Neither	canopy	

openness,	 nor	 soil	moisture	 as	 fixed	 effects	were	 improving	 the	 fit	 of	 the	model.	 In	 the	

literature	 exist	models	 based	 on	 soil	 temperature	 only	 (Hamdi	 et	 al.	 2013,	 Tuomi	 et	 al.	

2008,	 Lloyd	 and	 Taylor	 1994)	 as	 well	 as	 models	 including	 the	 soil	 moisture	 (Kumpu	 et	

al.	2018,	Pumpanen	et	al.	2015,	Pumpanen	et	al.	2003b,	Davidson	et	al	1998).	The	role	of	

the	plot	as	a	random	effect	on	the	soil	respiration	could	not	be	integrated	into	the	model,	

though	some	of	the	results	suggested	that	the	plot	and	the	site	condition	have	an	effect.	It	

would	make	sense	 to	 repeat	 this	 research	with	a	greater	number	of	plots,	 to	get	 clearer	
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results	about	the	impact	of	the	site	on	soil	respiration.	In	this	study	we	could	only	compare	

between	two	plots.	A	bigger	number	of	plots	would	give	statistically	more	reliable	results.	

This	 is,	 however,	 still	 difficult	 in	 Finland	 as	 there	 is	 only	 a	 limited	 number	 of	 unevenly	

managed	forests.	
	

The	PCA	of	our	data	captured	52%	of	 the	variance	 in	 the	 first	 two	principal	components.	

This	is	a	relatively	small	amount	and	indicates	that	the	data	is	quite	multidimensional	and	

cannot	be	fully	described	within	theses	two	dimensions.	Also	in	the	correlation	plot	(Fig.	8)	

it	becomes	evident,	that	there	are	not	many	strong	relationships	between	the	variables.		

5	Conclusion	

In	this	study	we	found	soil	temperature	as	the	main	factor	influencing	soil	respiration	and	

the	carbon	and	nitrogen	stocks	 in	 the	mineral	soil.	Soil	 respiration,	C	and	N	stocks	 in	 the	

mineral	soil	were	higher	in	gaps.	However,	their	main	driver	–	soil	temperature	–	was	not	

found	to	be	higher.	Microbial	biomass	C	and	the	decomposition	rate	did	not	yield	higher	

results	in	the	canopy	gaps.	They	strongly	differed	between	the	two	plots,	whereas	the	soil	

respiration	did	not	statistically	differ	between	the	plots.		

Gaps	resulting	 from	harvesting	operations	have	an	 impact	on	respiration	and	carbon	and	

nitrogen	stocks	in	the	mineral	soil,	but	the	gap	size	appeared	to	be	less	relevant.	Hence,	it	

seems	 reasonable	 to	 draw	 conclusions	 from	 thinning	 experiments	 and	 transfer	 them	 to	

stands	managed	through	selective	cuts	also.	

It	appears	that	there	are	numerous	factors	and	interactions	influencing	the	soil	respiration	

and	soil	carbon,	and	not	all	of	them	could	be	recorded	in	this	research.	With	this	study	the	

cause	of	the	 increased	respiration	under	canopy	gaps	could	not	be	completely	explained.	

One	component	of	soil	respiration	that	has	not	been	quantified	in	this	study	but	seems	to	

be	 of	 importance	 is	 the	 root	 respiration.	 An	 increased	 root	 respiration	was	 perhaps	 the	

cause	of	the	higher	results	for	soil	respiration	in	the	canopy	gaps.	More	research	would	be	

needed	to	assess	the	share	of	root	and	mycorrhiza	respiration,	how	it	is	affected	by	canopy	

gaps	 and	 how	 it	 changes	 after	 a	 harvest.	More	 comparable	 data	would	 also	 be	 needed	

from	different	sites	with	uneven	aged	managed	forests,	to	determine	the	impact	of	the	site	

on	the	soil	respiration	and	carbon	dynamics	under	this	management	system.	
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7	Appendices	

	
	
Fig.	 1	 Relationships	 between	 measured	 values	 of	 soil	 respiration,	 microbial	 biomass	 C	
(Microbial	C),	weight	 loss	due	 to	decomposition	 (teabag),	C	and	N	 stocks	and	 carbon-to-
nitrogen	ratio	in	the	organic	 layer	(C_O,	N_O,	CN_O)	and	the	mineral	soil	(C_min,	N_min,	
CN_min)	
	
Tab.	1:	p-values	for	the	relationships	between	mean	soil	respiration	and	the	C	and	N	stocks	
as	well	as	carbon-to-nitrogen	ratio	of	the	organic	layer	and	the	mineral	soil.	

	
	

C N C/N C N C/N
Mean	soil	
respiration 0.7908 0.5018 0.5189 0.315 0.525 0.719

Organic	layer Mineral	soil
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Tab.	2:	Ground	vegetation	on	plot	LAP	1	on	three	points	under	canopy	and	in	canopy	gaps.	
Species	identified	and	the	estimated	ground	coverage	in	percent.	
	

	

Point 1 2 3 1 2 3

Species name
Athyrium filix-femina 0.5 2
Dicranum polysetum 10 3 5
Dryopteris carthusiana 0.5 1
Equisetum sylvaticum 0.5
Gymnocarpium dryopteris 1 0.2
Hylocomium splendens 60 15 1 1
Mnium spec 2
Plagiochila asplenioides 1 20 60 4
Plagiomnium cuspidatum
Pleurozium schreberi 60 80
Pteridium aquilinum 2
Ptilium crista-castrensis 0.5
Rhodobryum roseum 0.1 10 1 0.5 15
Rhytidiadelphus triquetrus 15
Betula pendula 0.1 0.1
Picea abies 0.5 1
Populus tremula 0.1 0.1 0.1
Ribes nigrum 1.5
Salix phylicifolia
Sorbus aucuparia 0.1 0.1 0.1
Vaccinium myrtillus 2 5
Vaccinium vitis-idaea
Anemone nemorosa
Angelica sylvestris 1
Calamagrostis arundinacea 1 20
Carex globularis
Carex pallescens
Cirsium helenioides
Cirsium palustre
Convallaria majalis 0.1 0.1 15
Daphne mezereum 0.1 0.1
Deschampsia flexuosa
Epilobium angustifolium 0.1 0.5
Fragaria vesca 0.1 1 5 0.1
Galium boreale 0.1
Geranium sylvaticum 0.5 0.3
Hepatica nobilis 0.1 0.1 0.1 0.1
Lathyrus pratensis
Lathyrus vernus 1 0.2
Linnaea borealis
Maianthemum bifolium 0.1 0.1 0.1 0.1 0.1
Melampyrum sylvaticum
Milium effusum
Oxalis acetosella 1 1 1 1 0.5 0.1
Pulmonaria obscura 0.1 0.3 1
Ranunculus repens 0.1
Rubus idaeus
Rubus saxatilis 0.5
Trientalis europaea 0.1 0.1 0.1 0.1 0.1
Veronica chamaedrys 0.1
Veronica officinalis 0.1 0.1 0.1
Vicia cracca 1
Vicia sylvatica
Viola mirabilis 0.1 0.1 0.1
Total coverage % 75.4 58.1 12.3 76.9 99.9 116

Canopy Gap
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Tab.	 3:	 Ground	 vegetation	 on	 plot	 LAP	 13	 on	 three	 points	 under	 canopy	 and	 in	 canopy	
gaps.	Species	identified	and	the	estimated	ground	coverage	in	percent.	
	

	

Point 1 2 3 1 2 3

Species name
Athyrium filix-femina
Dicranum polysetum 0.5 17 2
Dryopteris carthusiana
Equisetum sylvaticum
Gymnocarpium dryopteris 0.5
Hylocomium splendens 85 27 20 40 30 40
Plagiochila asplenioides 0.1
Plagiomnium cuspidatum 0.1
Pleurozium schreberi 27 30 2 0.1 1
Pteridium aquilinum
Ptilium crista-castrensis 22 45 7 0.1 0.5
Rhodobryum roseum 2
Rhytidiadelphus triquetrus
Mnium spec 1
unidentified moss 10 10
Betula pendula
Picea abies 0.1
Populus tremula
Ribes nigrum
Salix phylicifolia
Sorbus aucuparia
Vaccinium myrtillus 10 0.1 0.1 35 7 1
Vaccinium vitis-idaea 0.1 0.1 0.5 1 10
Anemone nemorosa
Angelica sylvestris
Calamagrostis arundinacea 1 2 18 20
Carex globularis
Carex pallescens
Cirsium helenioides
Cirsium palustre
Convallaria majalis
Daphne mezereum
Deschampsia flexuosa 1 1 1 20
Epilobium angustifolium
Fragaria vesca
Galium boreale
Geranium sylvaticum
Hepatica nobilis
Lathyrus pratensis
Lathyrus vernus
Linnaea borealis 0.5 0.5 0.1 15 0.1
Maianthemum bifolium 0.1 0.1 0.1
Melampyrum sylvaticum 0.1 0.1
Milium effusum
Oxalis acetosella
Pulmonaria obscura
Ranunculus repens
Rubus idaeus 1.5
Rubus saxatilis
Trientalis europaea 0.1 0.1 0.1 0.5 0.1
Veronica chamaedrys
Veronica officinalis
Vicia cracca
Vicia sylvatica
Viola mirabilis
Total coverage % 98.4 93.9 98.9 90.2 90.7 94.9

Canopy Gap


