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Highlights
•	 We studied the tree community spatial structure in three 1.2-ha plots representing naturally 

developed northern boreal forests of varying ages.
•	 Spatial structure showed little differences between the mid-successional, late-successional 

and old-growth stands.
•	 The occurrence of Picea abies relative to Betula spp. indicated a mosaic-like spatial assembly.
•	 Mosaics	are	likely	maintained	by	species-specific	replacement,	not	reciprocal	replacement	

as thought earlier.

Abstract
Development of species composition during succession is well studied in natural boreal forests, but 
empirical assessments of how within-stand spatial structure develops in late-successional stages 
are	few.	Here,	we	quantified	spatial	patterns	in	three	unmanaged	stands	consisting	of	Picea abies 
(L.) Karst. and Betula pubescens Ehrh. and Betula pendula Roth (hereafter Betula spp.) in northern 
boreal Fennoscandia. We conducted a comprehensive analysis of small-scale spatial point patterns 
in three fully mapped 1.2-ha sample plots, representing different forest developmental stages: 
mid-successional, late-successional and old-growth forest. We used several variants of Ripley’s 
K-function to analyze the spatial point patterns along the successional gradient. Univariate analyses 
showed that mature trees of both species were either randomly distributed or clumped. P. abies 
saplings were clumped, and Betula spp. saplings occurred in a random or clumped manner. In 
the bivariate analyses, saplings were more likely to be found in the surroundings of mature trees 
of the same species, but occurred independent of the individuals of other tree species. Mature 
trees	showed	interspecific	repulsion.	Only	modest	differences	occurred	in	the	univariate	patterns	
between the three successional stages, but in the bivariate analyses the most evident patterns, 
i.e.	 intraspecific	attraction	and	interspecific	repulsion,	were	stronger	 in	 the	older	successional	
stages.	Overall,	the	studied	stands	appear	structured	as	species-specific	mosaics.	These	mosaics,	
along with mixed species composition, seem to be maintained by species self-replacement, which 
contrasts	with	findings	from	earlier	studies.
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1 Introduction

Spatial	patterns	of	forest	trees	influence	ecological	processes,	such	as	tree-tree	interactions,	and	
resource and habitat distributions (Pacala and Deutschman 1995; Canham et al. 2004). These pat-
terns are known to change during stand development, but the boreal forest has rarely been subject 
to spatial analyses of structural attributes during their successional development (Leemans 1991; 
Bartemucci	et	al.	2002;	Lilja	et	al.	2006).	A	better	understanding	of	the	long-term	spatial	dynam-
ics in boreal forests would contribute to understanding factors that affect stand development 
(Malkinson	et	al.	2003;	Harper	et	al.	2006),	particularly	how	tree	species	composition	develops	
late	in	succession	(Doležal	et	al.	2006).	Knowledge	concerning	these	driving	factors	is	needed	for	
developing tools and guidelines for nature conservation (Davis et al. 2000), restoration, and forest 
management that aims to mimic the natural range of variability in the structural characteristics of 
forested	ecosystems	(Angelstam	1998).

Current understanding of stand structural development maintains that, following a stand-
replacing disturbance, characteristics of the colonizing plant community depend on the availability 
of substrates, growth resources, and the seed production and regeneration strategies of constituent 
plant	species	(Oliver	and	Larson	1990;	Franklin	et	al.	2002).	Soon	following	the	initial	coloniza-
tion stage, tree individuals enter a competitive stage in which competition between trees is the 
main process driving patterns of stand development. This has been suggested to result in a regular 
pattern	in	the	plant	community,	especially	in	single-species	communities	(Kershaw	1963;	Kenkel	
1988;	however,	see	Lepš	and	Kindlmann	1987).	As	the	stand	matures,	tree	senescence	and	distur-
bances gain in importance as drivers of stand dynamics and spatial structure, i.e. gap dynamics 
(McCarthy	2001).	Given	sufficient	time	without	stand-replacing	disturbances,	new	regeneration	
in gaps and competition among these newly established younger trees begin to shape the stand 
structure.	These	gap-phase	processes	should	then	result	in	clumped	tree	distributions	(Bormann	
and Likens 1979). However, there are few empirical tests of these general ideas of spatial structure 
development, and hence little agreement on the development of spatial tree patterns at different 
successional	stages	(Greig-Smith	et	al.	1963;	Kershaw	1963;	Szwagrzyk	1990;	Szwagrzyk	and	
Czerwczak	1993;	Antos	and	Parish	2002).

Forests growing on Hylocomium-Myrtillus site type (sensu	Cajander	1926)	cover	large	areas	
of mesic sites in northern Fennoscandia. In late-successional stages, these forests are characterized 
by a thick poorly decomposed humus layer, and tend to form structurally diverse mixed stands 
dominated by Picea abies (L.) Karst. and Betula pubescens Ehrh. and Betula pendula Roth (hereafter 
Betula spp.) (Lakari 1920). The development of the tree species composition is generally known 
from	earlier	studies:	Following	a	stand-replacing	disturbance	(usually	fire),	these	stands	are	domi-
nated by Betula spp. This high proportion of Betula spp. decreases with time and the understory P. 
abies gains in dominance (Sirén 1955). However, Betula spp. is able to maintain its presence even 
in the oldest stands, especially through its capability for vegetative reproduction, i.e. sprouting 
(Heikinheimo 1922). In late-successional stages, gap dynamics begin to dominate and contribute 
to	the	relative	stability	of	these	forests	(Fraver	et	al.	2008;	Aakala	et	al.	2009).	Even	if	stands	in	the	
late-successional stages are structurally diverse and often locally sparse, competition continues to 
play a role in structuring these populations in the harsh northern environment (Fraver et al. 2014).

Although	numerous	studies	have	described	how	species	composition	develops	with	succes-
sion in species-poor boreal forests, the development of their spatial structure has remained much 
more elusive, compared to more southern, closed-canopy forests. This is in part due to the strong 
horizontal heterogeneity in stand structure; regeneration appears primarily dependent on small-scale 
disturbances	creating	suitable	seedbeds	in	the	thick	raw	humus	layer	(Aaltonen	1919;	Kuuluvainen	
and Ylläsjärvi 2011), and less on the changes in the understory light environment following the 
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death	of	overstory	trees	(Bartemucci	et	al.	2002),	as	suggested	by	the	classical	gap	dynamics	theory	
(McCarthy 2001). Hence, it is unclear how well the generalities of spatial pattern development 
suggested	 for	 closed-canopy	 forests	 apply	 to	 these	more	open	boreal	 forest	 types.	Among	 the	
few	studies	conducted,	Doležal	et	al.	(2006)	concluded	that	with	time,	unmanaged	Hylocomium-
Myrtillus	stands	develop	into	a	mosaic	of	small	monospecific	patches	of	Betula spp. and P. abies 
trees that undergo reciprocal replacement (i.e., P. abies regenerates under Betula spp., and versa).

Here,	we	focus	specifically	on	the	differences	in	spatial	structure	within-	and	among	tree	
species	in	stands	with	varying	time	since	fire	occurrence	from	mid-successional	to	old-growth	
forests. Using large (1.2 ha) fully mapped plots in unmanaged Hylocomium-Myrtillus type stands, 
we	quantified	(1)	the	spatial	structure	of	the	overall	tree	community,	(2)	the	spatial	patterns	of	
saplings and mature trees, and (3) the spatial relationships between P. abies and Betula spp. We 
then (4) assessed whether these patterns differ between the stands of different successional stages.

2 Material and methods

2.1  Study area and site characteristics

The study was carried out in the Värriö Strict Nature Reserve in the northern boreal zone in 
northeastern	Finland	(67°44´N,	29°38´E,	Fig.	1).	The	average	annual	temperature	(measured	at	
the	nearby	Värriö	Subarctic	Research	Station)	of	the	last	20	years	has	been	–0.5	°C.	Gneiss	com-
plexes dominate the bedrock in the reserve (Korsman et al. 1997). The forests in the reserve have 
never been logged, and access to the reserve is prohibited with the exception of local residents and 
reindeer	herders.	The	main	anthropogenic	impact	is	due	to	reindeer	herding,	which	can	influence	

Fig. 1. Study area location in the Värriö strict nature reserve in northern Finland.
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the	composition	of	ground	vegetation	and	tree	regeneration	(Susiluoto	et	al.	2008).	Although	the	
impact	of	reindeer	specifically	in	our	study	area	has	not	been	documented,	casual	field	observations	
suggested that reindeer grazing hampers the regeneration and survival of seedlings and saplings 
of deciduous species.

Within the reserve, we used Metsähallitus (formerly the Finnish Forest and Park Service) 
stand compartmental data derived from aerial photographs for a preliminary selection of candidate 
stands	that	could	serve	as	a	chronosequence,	by	defining	different	successional	stages	of	the	forest	
based on the proportion of Betula spp.	trees	(cf.	Sirén	1955).	Based	on	field	visits,	we	selected	
three of these candidate stands for sampling in summer 2011. The selected stands were located on 
flat	terrain,	and	were	visually	judged	to	be	edaphically	homogeneous.	Stand	A	was	dominated	by	
Betula spp.,	stand	B	was	a	mixed	P. abies-Betula spp. stand and stand C was dominated by P. abies. 
All	stands	were	classified	in	the	field	as	growing	on	Hylocomium-Myrtillus site type according 
to	the	Finnish	site	classification	system	based	on	ground-	and	bottom-layer	species	composition	
(Cajander	1926).

2.2  Field sampling

We initially ranked the stands into three different successional stages, based on their species 
composition. To verify that these indeed represented a sequence of successional stages, we col-
lected increment cores to determine the minimum time since the last stand-replacing disturbance 
(henceforth:	stand	age),	usually	fire	in	these	forests.	We	extracted	samples	from	dominant	(2/3rd	
of the sample) trees within the stands. Co-dominant and intermediate (1/3rd of the sample) trees 
in close proximity to the dominant trees were also cored to account for the shade tolerance of P. 
abies.	As	forest	fires	are	the	typical	stand-replacing	disturbance,	we	searched	the	nearby	area	for	
fire	scars	on	pines	that	might	have	survived	past	fires.

We established a randomly located and aligned plot of 1.2 ha (40 m × 300 m) in the inte-
rior of each stand. We chose to use such large elongated plots to capture the variability typical 
to structurally heterogeneous boreal forests. Within these plots, we measured all standing living 
trees	with	a	height	of	at	least	1.3	m	and	a	diameter	at	breast	height	(DBH)	of	at	least	1	cm.	Dead	
trees	were	included	if	their	DBH	was	at	least	10	cm.	We	recorded	the	coordinates	of	each	tally	
tree as the distance along the bisect line from the starting point and the perpendicular distance 
from	the	bisect	line	of	the	transect.	Tally	tree	measurements	included	species,	DBH	(measured	
1.3	m	aboveground	to	the	closest	cm;	the	DBH	of	stumps	was	measured	using	the	log),	height,	
lower	crown	limit,	and	crown	radii	(estimated	to	the	closest	0.5	m).	We	furthermore	classified	the	
trees	according	to	structural	classes	(intact	standing,	snapped	≥	1.3	m	or	stumps)	and	health	status	
(living or dead). We assigned stems that sprouted from one stump the same x- and y-coordinates 
as	the	mother	tree.	We	considered	stump	sprouts	with	a	DBH	<	5	cm	as	part	of	the	mother	trees.	
The tree’s perpendicular distance from the bisect line, height and lower crown limit were measured 
using	a	Vertex	device	(Haglöf	AB,	Långsele,	Sweden).

To characterize the vegetation composition of the studied stands by species cover, we sam-
pled four 20 m × 20 m subplots from within the larger plots for vegetation data (Zhu et al. 2009). 
We	conducted	a	complete	floristic	inventory	for	the	bottom	and	field	stratum	(0	to	0.5	m	height),	
shrub stratum (0.5 to 5 m height) and tree stratum (> 5 m height) in each of these vegetation sub-
plots.	The	cover	of	each	species	was	visually	estimated	as	percent	canopy/floor	cover	within	each	
subplot/quadrat to the nearest 5%.
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2.3 Data analyses

To determine the minimum stand ages, we mounted the collected increment cores and sanded them 
to	a	fine	polish,	using	standard	methods	(Phillips	1985).	For	each	core,	we	measured	ring	widths	
to	the	nearest	0.01mm,	using	a	stereomicroscope	and	a	sliding	stage	(Velmex,	Inc.,	Bloomfield,	
USA).	For	cores	missing	the	pith,	we	determined	the	number	of	missing	rings	based	on	the	average	
growth	of	the	15	innermost	rings,	and	the	curvature	of	the	last	ring	(Applequist	1958).	We	visually	
cross-dated the tree-ring series (Yamaguchi 1991), using master chronologies from northern Fen-
noscandia	(Aakala	et	al.	2009;	Wallenius	et	al.	2010),	and	verified	measurement	quality	statistically,	
using	the	COFECHA-program	(Holmes	1983).	Since	P. abies-dominated boreal forest stands are 
prone	to	severe	forest	fires,	we	assumed	the	oldest	verified	tree	age	within	a	stand	to	represent	the	
minimum	time	since	the	last	stand-replacing	fire	(Wallenius	et	al.	2005).	We	added	five	years	to	
the year of the innermost ring, as a conservative estimate of the time it takes to reach the sampling 
height. Betula spp. ages were based on ring counts, as we lacked a proper master chronology to 
cross-date them to the year. In addition to the tree age-samples, we found a Pinus sylvestris L with 
two	fire	scars	located	near	stands	A	and	B.

We analyzed the fully mapped plot data, using common uni- and multivariate spatial point 
pattern	analyses.	For	these	analyses,	we	divided	the	trees	into	two	groups:	mature	trees	(DBH	>	10	
cm),	 and	 saplings	 (DBH	≤	10	 cm).	Maximum	 inter-tree	 distance	 in	 the	 analyses	was	10	m,	 to	
reduce the edge effects due to the elongated shape of the sample plot. We assumed stationarity 
and isotropy of the observed point processes, based on our stand selection procedure that aimed 
to avoid apparent edaphic gradients, and visual examination (see also Fig. 2). For isotropy (i.e. the 
distance in one direction that has the same effect as a distance in another direction), we assumed 
that the processes involved in determining the spatial structure of these populations (regeneration, 
growth, survival) have no directional components. We discarded P. sylvestris from the analyses 
due	to	its	very	low	proportion	in	the	total	stem	number	(<	2%)	in	all	three	stands.	For	all	spatial	
analyses,	we	used	R	and	the	package	SPATSTAT	(Baddeley	and	Turner	2005);	R	version	2.12.0,	
(R Development Core Team 2011).

As	a	first	step	in	the	spatial	pattern	analysis	we	used	the	Kolmogorov-Smirnov	(KS)	test,	
to	test	against	complete	spatial	randomness	(CSR)	of	the	data	(Baddeley	2008).	Rejection	of	the	
null	hypothesis	(αcrit  =  0.05, p  =  0.027, p	<	0.0001	and	p		=		0.024	in	stands	A,	B	and	C	respectively)	
warranted further analysis of the data.

For the point pattern analyses, we used the square root transformation of the univariate 
K(t)-function L(t), with isotropic edge correction (Ripley 1977; Diggle 2003). We further analyzed 
bivariate point patterns (mature trees vs. saplings, within and between species), using the square 
root transformation Lij(t) of the bivariate Kij(t)-function (Goreaud and Pelissier 2003).

To	test	for	the	significance	of	departures	from	random	(for	univariate	analyses)	and	departures	
from population independence (in bivariate analyses; e.g. Goreaud and Pelissier 2003) we compared 
the functions generated from the point pattern data with corresponding theoretical functions under 
CSR generated by 999 Monte Carlo simulations (Diggle 2003). Critical values for the hypothesis 
test,	represented	by	global	significance	envelopes,	were	created	for	a	significance	level α =  0.05. 
An	observed	process	 is	assumed	to	be	different	from	the	uniform	Poisson	point	process	 if	 the	
results exceed the envelope at any distance t	(Loosmore	and	Ford	2006).	To	account	for	a	pos-
sible	underestimation	of	the	type	I	error	as	brought	forward	by	Loosmore	and	Ford	(2006),	we	
calculated	the	significance	envelopes	in	a	simultaneous	manner	in	R	(Baddeley	and	Turner	2005).	
The	probability	that	the	result	exceeds	the	simultaneous	confidence	envelope	at	any	distance	t is 
exactly α	(Baddeley	and	Turner	2005).
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We visualized the structure of the examined stands (Fig. 2), using the Stand Visualization 
Software	(McGaughey	1999),	which	is	a	freeware	provided	by	the	USDA	Forest	Service,	Pacific	
Northwest Research Station. The system generates graphic realistic images of log and plant com-
ponents based on a list of individual stand components.

3 Results

3.1  Age and size structure of the stands and time since the last fire

The studied stands were characterized by fairly open canopies (Fig. 2), and the species composi-
tions	measured	in	the	field	were	consistent	with	preliminary	stand	selection	criteria	(Fig.	3).	All	
three	stands	were	uneven-aged	(Fig.	3).	In	stand	B	we	found	a	single	P. abies tree that was clearly 
older than the rest of the population (approximately the same age as the old trees in stand C; 
Fig. 3a), but otherwise the three stands were distinguishably of different age (Fig. 3b); based on 
tree	ring	analyses,	the	minimum	times	since	the	last	stand-replacing	disturbance	were	180	(stand	
A),	270	(stand	B)	and	350	years	(stand	C).	Thus,	we	will	refer	to	stands	A,	B	and	C	hereafter	as	
mid-successional, late successional and old-growth, respectively. These estimates of time since the 
last	stand-replacing	disturbance	were	complemented	with	the	two	fire	scar	dates	from	the	solitary	P. 
sylvestris	found	close	to	the	mid-	and	late-successional	stands.	We	dated	the	two	fires	to	1700	and	
1831.	Due	to	patchiness	common	to	forest	fires,	it	is	uncertain	whether	these	fires	burnt	our	study	
sites, but the former age is consistent with a delayed regeneration of P. abies under a pioneer Betula 
spp. in the late-successional stand, and the age of the oldest trees in the Betula spp.-dominated 
mid-successional	stand	coincides	with	the	latter	fire.	We	found	no	evidence	of	fires	in	or	near	the	

Fig. 2. Stand visualizations for the mid-successional (a), late-successional (b), and old-growth (c) stands.
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old-growth stand and it is likely that the stand is much older than the estimated 350 years, which 
is usually considered the maximum age attainable to P. abies.

The shape of P. abies diameter distributions varied between the three stands (Fig. 4 a–c). 
In	the	mid-successional	stand,	small	saplings	(<	5	cm	DBH)	were	the	most	abundant,	and	tree	
numbers dropped in the larger size classes (although with a local maxima at the 10–15 cm class). 
In	the	late-successional	stand	tree	numbers	were	high	up	to	15	cm	DBH,	and	dropped	in	larger	
classes.	In	the	old-growth	stand	tree	numbers	were	fairly	constant	up	to	30	cm	DBH.	Diameter	
distributions in the late-successional and old-growth stand hence resembled a rotated sigmoid (i.e., 
with a plateau or an increase in the mid-diameter distribution range), whereas the mid-successional 
stand was something between a reverse-J and a rotated sigmoid.

Betula spp. showed a unimodal distribution in all stands (Fig. 4 d–f), with maximum fre-
quencies in mid-sized trees (between 10 and 20 cm classes, depending on the stand). Large Betula 
stems	were	rare,	and	saplings	(DBH	<	10	cm)	were	also	clearly	scarcer	than	mid-sized	trees.	Dead	
tree sizes were normally distributed for both species and all three stands. The numbers of dead P. 
abies stems increased from mid-successional to old-growth, while the pattern for Betula spp. was 
the opposite.

Fig. 3. Violin	plots	(Hintze	and	Nelson	1998)	combining	a	boxplot	and	density	trace	of	age	distributions	(a),	and	species	
compositions in the three stands (b).

Fig. 4. Tree diameter distributions for P. abies in mid-successional (a), late-successional (b), and old-growth (c) stands, 
and for Betula spp. in mid-successional (d), late-successional (e), and old-growth stands (f).
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3.2  Spatial patterns

Overall,	the	univariate	analyses	showed	a	tendency	for	clumped	distributions	(Fig.	5).	Whether	
this	clumping	deviated	significantly	from	the	random,	varied	according	to	the	data	subset	analyzed.	
Living P. abies	trees	were	significantly	clumped	(Table	1;	n  =  199, n  =  553, n  =  466	in	mid-,	late-
successional and old-growth stands, respectively). When analyzed separately, mature P. abies trees 
were randomly distributed in the mid-successional (n  =  99) and late-successional (n  =  273) stands, 
but were clumped at short distances (1–4.5 m) in the old-growth stand (n		=		306).	Mature	P. abies 
trees in the mid-successional stand showed the only deviations towards a regular distribution in 
any	of	the	data	subsets	analyzed.	These	deviations	were	confined	to	small	inter-tree	distances,	but	
did	not	differ	significantly	from	the	random.	In	contrast	to	mature	trees,	P. abies saplings were 
significantly	clumped,	except	for	the	smallest	inter-tree	distances	(Fig.	5	and	Table	1;	n  =  100, 
n  =  280,	n  =  160	in	mid-,	late-successional	and	old-growth	stands,	respectively).

When size classes were pooled, Betula spp.	were	significantly	clumped.	This	clumping	was	
strongest in the old-growth stand (n		=		82),	but	was	significant	only	at	short	inter-tree	distances	
(0.5–2.5 m; Fig. 5). When we analyzed mature Betula spp. separately, similar tendencies towards 
clumping were evident in the mid-successional (n		=		236)	and	late-successional	stands	(n = 235). The 
number of Betula spp. in the old-growth stand was lower (n	=	69),	and	they	were	randomly	distrib-
uted. Betula spp. saplings, on the other hand, were randomly distributed in the mid-successional 

Fig. 5. Results of the univariate spatial point pattern analyses L(t), for all trees, mature trees and saplings, and separately 
for both species. The expected value under complete spatial randomness is zero. Positive deviations indicate clustering, 
negative	regularity.	Significant	deviations	are	shown	in	Table	1.	There	were	only	13	Betula spp. saplings in the old-
growth forests so we dropped them from the analyses.
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stand (n = 105). In the late-successional stand (n = 135), the distributions were clumped at distances 
of	0.5–2.5	m	and	then	again	from	6.5–10	m	(Fig.	5,	and	Table	1).	We	recorded	only	13	Betula spp. 
saplings from the old-growth stand precluding meaningful point pattern analyses.

Intraspecific	analyses	between	size-classes	(i.e.	P. abies trees vs. saplings, and Betula spp. 
trees	vs.	saplings)	showed	significant	attraction	between	trees	and	saplings	up	to	10-m	inter-tree	
distances	in	late-successional	and	old-growth	stands	(Fig.	6).	This	attraction	was	confined	to	small	
scales (up to 3.5 m) in the mid-successional stand for Betula spp., while P. abies saplings were 
distributed	independent	of	mature	trees	(Fig.	6).

Interspecific	patterns	varied	between	stands	and	size	classes.	Mature	P. abies and mature 
Betula spp. occurred independent of one another in the mid-successional stand, but these patterns 
were different in late-successional and old-growth stands: in both stands mature trees showed sig-
nificant	interspecific	repulsion	in	the	late-successional	(3–8	m)	and	old-growth	stand	(significant	
at	2–2.5	m,	but	also	with	a	non-significant	tendency	later	on:	Fig.	6).	Saplings	of	both	species	
occurred independent of the mature individuals of the other species. The exceptions to this were 
Betula spp. saplings in the mid-successional stand that were repulsed from mature P. abies at short 
inter-tree distances (1–2 m).

4 Discussion

The successional development of natural boreal forests has previously been described especially in 
terms	of	tree	species	composition	changes	(Sirén	1955;	Lilja	et	al.	2006).	These	changes	are	driven	
to a large extent by varying life-history strategies of different species and are hence qualitatively 
rather predictable in the tree species-poor boreal forest. The development of other tree community 
properties, especially spatial patterns, but also to some extent the development of tree size distribu-
tions, is much less straightforward and results have varied in earlier studies.

Table 1. Results of the point pattern analyses. Values in parentheses represent distances at which departures from the 
observed	pattern	deviated	significantly	from	the	random	(univariate	analyses)	or	independent	(bivariate	analyses).	Al-
ternatives were clumping (cl) for univariate analyses, and attraction (at) or repulsion (re) for bivariate analyses. There 
were only 13 Betula	spp.	saplings	in	the	old-growth	stand,	which	were	thus	dropped	from	the	analyses	(NA).	

Analysis Groups Mid-successional Late-successional Old-growth

Univariate    
All	P. abies cl (1–10) cl (0–10) cl (0–10)
All	Betula spp. cl (0–3.5; 9–10) cl (0–10) cl (0.5–2.5)
Mature P. abies - - cl (1–4.5)
Mature Betula spp. cl (0–2.5) cl (0–10) -
P. abies saplings cl (1–10) cl (1–10) cl (1–10)
Betula spp. saplings - cl (0.5–2.5; 

6.5–10)
NA

Intraspecific    
P. abies mature saplings - at (1–10) at (0–10)
Betula spp. mature saplings at (0–3.5) at (0–10) NA

Interspecific    
All	P. abies – all Betula spp. at (7–10) - -
Mature P. abies – mature Betula spp. - re	(3–8) re (2–2.5)
Mature P. abies – Betula spp. saplings re (1–2) - NA
P. abies saplings – mature Betula spp. - - -
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Our	 findings	 on	 tree	 size	 distributions	 differ	 from	 the	 traditional	 reverse-J	 distribution	
expected	in	natural	old-growth	forests	(Linder	et	al.	1997;	Linder	1998;	McCarthy	and	Weetman	
2006).	However,	they	fit	the	findings	from	a	number	of	recent	studies	from	the	Fennoscandian	boreal	
forest: diameter distributions of living P. abies mostly resembled the rotated sigmoid distribution 
(Linder	et	al.	1997;	Doležal	et	al.	2006;	Lilja	et	al.	2006).	These	types	of	diameter	distributions	for	
live trees are often explained by variable mortality rates between trees of different sizes: medium-
diameter classes represent a stage in which the trees have escaped the competition stage and are 
not	yet	vulnerable	to	size-related	mortality	(Goff	and	West	1975;	Linder	1998;	Fraver	et	al.	2008).	
However, another less-acknowledged factor is the differing diameter growth rates between trees 
of different sizes: even if biomass increment rates tend to increase with tree size (Stephenson et 
al. 2014), diameter increase is the fastest with smallest trees owing to a rapidly changing diameter 
compared to basal area. Hence, the residence times in various size classes differ. Residence time-
differences related to wood decomposition also explain the detected unimodal distribution of dead 
trees: even if mortality rates for mid-sized trees were lower than for smaller trees, mid-sized trees 
are	more	persistent	compared	to	rapidly	disappearing	finer	woody	debris.

Fig. 6. Results of bivariate point pattern analyses, in which the expected value under population independence is zero. 
Values above zero indicate attraction, and below zero repulsion: mature P. abies vs. P. abies saplings (a), mature Betula 
spp. vs. Betula spp. saplings (b), all P. abies vs. all Betula spp. (c), mature P. abies vs. mature Betula spp. (d), mature 
P. abies vs. Betula spp. saplings (e), and mature Betula spp. vs. P. abies	saplings	(f).	Significant	deviations	are	shown	
in Table 1.
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Betula spp. diameter distributions were, visually judged, best characterized by a unimodal 
distribution in all successional stages, as also described by Ylläsjärvi and Kuuluvainen (2009) in 
the same forest type. For Betula spp., the lower number of saplings is consistent with the species’ 
pioneer strategy and the absence of large-scale disturbances in the area, as the proportion of Betula 
spp. has been shown to decrease with time since the last stand-replacing disturbance (Sirén 1955). 
The high reindeer density in the region is further likely to keep Betula spp. seedling and sapling 
populations low.

Spatial tree distributions were primarily clumped in all three stands of different successional 
stages.	Our	sampling	was	limited	to	only	a	single	stand	in	each	successional	stage,	thus	limiting	the	
possibility to make generalizations concerning successional development. The univariate analyses 
nevertheless revealed no such differences in spatial patterns between the stands that would be 
expected based on idealized models of stand development (i.e., increased clumping with stand 
age;	Busing	1991).	A	tendency	towards	stronger	clumping	was	observed	in	the	late-successional	
and old-growth stands for Betula spp. compared to the mid-successional stand, but the decreasing 
sample size hampered the power of these analyses.

The spatial distribution of saplings and young trees is the combined result of successful regen-
eration and early survival. In our sites, P. abies	saplings	(DBH	≤	5	cm)	were	clumped	throughout	
the analyzed inter-tree distances. This clumping of young trees was similar to results of Grenfell 
et	al.	(2011)	in	the	same	forest	type	in	northwestern	Russia	and	northwestern	Finland.	A	potential	
explanation	for	these	findings	is	the	availability	of	regeneration	microsites:	as	the	thick	humus	
layer	outside	the	disturbed	microsites	is	a	poor	seedbed	(Johnstone	and	Chapin	2006),	sites	with	
a disturbed raw humus layer, highly decayed logs as well as the crown periphery around large 
trees	can	function	as	important	regeneration	microsites	(Aaltonen	1919;	Sirén	1955;	Grenfell	et	
al. 2011). High regeneration rates per unit area on these disturbed microsites results in clumped 
patterns in regeneration (Manabe et al. 2000).

The clumping of Betula spp. saplings was less pronounced in our results than the clumping of 
P. abies saplings. Vegetative reproduction is important in high-latitude forests, especially for Betula 
spp. in Hylocomium-Myrtillus -type forests (Heikinheimo 1922). Stump sprouts would naturally 
lead	to	clumped	patterns,	and	hence	our	findings	partly	reflect	the	exclusion	of	stump	sprouts	from	
the spatial analyses that focused on individual stems (i.e., saplings sprouting from the stump of the 
mother tree were considered part of the mother tree). Similar to P. abies, Betula spp. regeneration 
from seeds in these forests tends to require disturbed microsites, such as exposed mineral soil or 
decayed	logs.	Although	the	two	species	appear	to	have	some	separation	in	their	regeneration	niches	
(Grenfell et al. 2011), Betula spp. regeneration in these forests faces an additional constraint in the 
form	of	intensive	browsing	by	reindeer.	How	this	browsing	pressure	influences	the	development	of	
spatial patterns over the long-term is unknown (i.e. which trees survive), but the primarily random 
spatial distribution, as well as the relative rareness of Betula spp. in the old-growth stand is to some 
extent	probably	attributable	to	reindeer	influence	on	early	tree	survival.

The spatial distribution of mature trees is the result of the same initial process as for saplings, 
but additionally includes later growth and survival in competition with neighboring trees. When 
we analyzed mature trees separately the results varied between the populations analyzed, but were 
consistent	with	earlier	studies	(Kuuluvainen	et	al.	1996;	Doležal	et	al.	2006):	distributions	of	mature	
P. abies in natural stands varied between random and small-scale clumping.

Mature Betula spp. were clumped in mid- and late-successional stands, but occurred randomly 
in the old-growth stand. It is likely that clumping at small scales is attributable to the vegetative 
regeneration strategy: if this is the dominant regeneration strategy it should result in clumped 
regeneration, and subsequently maintain the clumping of mature trees over the long-term. The 
random pattern in the old-growth stand is at least partly related to the low number of observations, 
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which could result from long-term thinning in the absence of new regeneration.
Permanent	plot	data	sets	that	would	allow	properly	testing	the	influence	of	specific	processes,	

such as competition on spatial patterns, are rare or non-existent in northern boreal old-growth 
forests.	The	findings	from	our	one-time	measurement	nevertheless	offered	little	support	for	the	
classical	 idea	of	 competition	as	a	major	 structuring	process.	This	 idea	holds	 that	 a	 significant	
regular distribution is the result of density-dependent mortality and is considered an indicator of 
competition	between	tree	individuals,	especially	in	monospecific	stands	(Kershaw	1963;	Kenkel	
1988;	Doležal	et	al.	2006),	but	none	of	the	analyses	we	conducted	indicated	deviations	from	the	
random	towards	regularity.	We	consider	it	conceivable	that	when	regeneration	is	limited	to	specific	
substrates, such as exposed mineral soil or decomposed logs, it leads to highly clumped regenera-
tion, and competitive interactions thus operate primarily at very small scales. With elapsing time, 
competitive interactions may steer this pattern towards regularity within these clumps (Kenkel 
1988).	Between	these	small-scale	clumps,	due	to	the	low	overall	stand	density,	there	is	a	lack	of	
sufficient	density-dependent	mortality	(Getzin	et	al.	2006),	so	that	competitive	interactions,	although	
present (Fraver et al. 2014), are not strong enough to be the main determinant of spatial distribution.

In	the	intraspecific	bivariate	analyses,	the	attraction	between	Betula spp. saplings and mature 
Betula spp. detected in all three stands was consistent with the vegetative regeneration strategy. 
However,	similar	intraspecific	attraction	between	trees	and	saplings	was	also	clear	for	P. abies 
in	 the	 late-successional	 and	old-growth	 stands.	Attraction	without	vegetative	 regeneration	can	
result from a number of non-exclusive processes, such as seed dispersal close to the mother tree, 
or facilitation (i.e., a process whereby the presence of an individual enables the establishment and 
growth	of	further	individuals;	Armesto	et	al.	1986).	Facilitation	could	result	for	instance	from	the	
mother	tree’s	influence	on	nutrient	availability	in	the	close	surroundings	(Hirabuki	1991).	In	sparse,	
high-latitude forests, Kullman (2007) has suggested an additional mechanism: the so-called black 
body	effect,	by	which	larger	trees	influence	snow	melt	in	their	vicinity,	which	increases	growing	
season length locally. That we detected attraction between mature trees and saplings also explains 
the shape of the univariate L-function for mature P. abies: the pronounced clumping at small 
inter-tree distances may have its origins in saplings regenerating close to mature trees, and as they 
grow in size, result in the clumping of mature trees, which becomes more pronounced with time.

In	interspecific	analyses,	mature	P. abies and Betula spp. trees showed a tendency towards 
repulsion,	meaning	that	it	is	less	likely	to	find	a	mature	P. abies around a Betula spp. than expected 
by chance. This repulsion was weakest in the mid-successional stand, intermediate in the late-
successional stand, and strongest in the old-growth stand. Predominantly clumped distributions in 
univariate analyses of mature P. abies and Betula spp., and repulsive interactions between mature 
P. abies and Betula	spp.	combined	suggests	the	species	tend	to	occur	closer	to	their	conspecifics.	
This	finding	is	similar	to	Doležal	et	al.	(2006),	who	reported	a	mosaic	of	small	patches	of	P. abies 
and Betula spp. in Hylocomium-Myrtillus	-forests,	and	is	also	in	line	with	the	intraspecific	attrac-
tion detected for both species.

Although	our	results	on	patch	formation	(i.e.,	that	it	is	more	likely	to	find	both	species	close	
to	their	conspecifics)	were	in	line	with	earlier	findings,	our	results	contradicted	with	those	concern-
ing	the	likely	development	of	these	patches:	Doležal	et	al.	(2006)	suggested	reciprocal	replacement	
with time, deduced from the observed attraction between P. abies saplings and mature Betula spp. 
This is considered a result of resource facilitation, where Betula spp. with its fast decomposing 
litter locally improves nutrient status, allowing P. abies	to	colonize	the	site	(Perala	and	Alm	1990;	
Doležal	et	al.	2006).	However,	our	results	suggest	species	self-replacement:	in	addition	to	con-
specifics	(including	mature	trees	and	saplings)	occurring	close	to	one	another,	the	saplings	of	one	
species were either independent or likely found close to mature trees of the other species.
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5 Conclusions

In this study we described the small-scale spatial patterns of trees in three unmanaged northern 
boreal forests, representing different successional stages. The observed patterns were predomi-
nantly clumped for both P. abies and Betula spp., and saplings of both species were predominantly 
attracted to mature trees of the same species. This attraction between saplings and mature trees and 
the repulsion between mature P. abies and mature Betula spp. suggests single-species clumps, i.e. 
a small-scale mosaic structure consisting of small patches of P. abies and Betula	spp.	Although	
our analysis was limited to a single stand in each of the three successional stages, the results chal-
lenge	earlier	findings	by	suggesting	that	the	mosaic	structure	is	maintained	through	species	self-
replacement, not reciprocal replacement. The mosaic structure was weakest in the youngest stand 
and strongest in the oldest stand, but otherwise there were little differences between the studied 
stands that could be attributed to successional change.
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