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Abstract

Svensson, J.S. & Jeglum, J.K. 2000. Primary succession and dynamics of Norway spruce
coastal forests on land-uplift ground moraine. Studia Forestalia Suecica 209. 32 pp. ISSN
0039-3150. ISBN 91-576-5982-6.

This paper is an overview of primary succession on the rising coastlines of the Gulf of
Bothnia, which emphasises Norway spruce succession and forest development and identifies
topics for research. It is concluded that continuing postglacial rebound provides excellent
successional sequences, and an exceptional opportunity to add new and important
knowledge on original forest ecosystem development. First, long-term undisturbed forest
seres, terminating in climax-like Norway spruce forest, exist. Secondly, a well-stocked, old-
growth spruce forest can develop on the (generally) fairly productive mesic ground-moraine
sites in a short ecological time. Thirdly, undisturbed successional sequences, which go back
to original soil formation, permit reconstruction of ecosystems’ developmental history.
Fourthly, the relationship between ground elevation and land-uplift rate facilitates estimates
of ground age, and consequently permits a four-dimensional study approach. Fifthly, in
view of extensive anthropogenic influence in boreal Fennoscandian forests, the few
remaining natural spruce forests should be recognised and carefully documented. From
our review of the literature, we conclude that present knowledge of the succession of
Norway spruce on emerging shorelines, and the part played by land uplift and other
factors, is fragmentary. Attention should to be given to initial spruce seedling colonisation
relative to factors such as seca-water level, exposure (winds, fetch), parent material, seedbed
types, potential seed source (isolation), and island size. Possible multiple pathways of
Norway spruce primary succession relative to temporal changes in exposure and other
factors, have so far received little research effort. Attention also should to be paid to the
response of spruce populations to site maturation, i.e. to increasing ground age based on
land-uplift rate and elevation above sea level. Finally, attention should to be paid to
autogenic processes in spruce-dominated stages developing towards climax-like, old-
growth forests.
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Introduction

Succession, the process of change in ecosystems
over time, is one of the most fundamental con-
cepts in ecology. Although it has been the sub-
ject of numerous theories and studies, it remains
intriguing and is still in need of clarification and
scientific inquiry. In particular, there is an in-
creasing need for knowledge about succession
and dynamics in forest ecosystems, to make it
possible to develop sustainable forestry and eco-
system management strategies.

The Fennoscandian crust (i.e. Norway,
Sweden, Finland and Karelia) is still rising fol-
lowing the melting of the Weichselian ice mass
(Fig. 1). The phenomenon is termed postglacial
land uplift or postglacial rebound (Ekman,
1993). A consequence of this is the continuous
exposure of new ground along the shores of the
Baltic Sea.

The primary succession (cf. Glenn-Lewin &
van der Maarel, 1992) is continuous in space
and time on this new ground as plants and
communities colonise downwards. The ongoing
land uplift provides a topographic sequence
equivalent to a chronosequence: the lower the
elevation the younger the land, with younger
pioneer communities; the higher the elevation,
the older the land and the more developed the
communities. On any given shore, the vegetation
gradient reflects the actual course of succession
(Ericson & Wallentinus, 1979).

Bothnian Bay

_________

.
» Both:nian Sea Byﬁro 50km

Fig. 1. Apparent land uplift in Fennoscandia 18901970
(mm yr~1) according to Ekman (1993). The northern
part of the Baltic Sea, i.e. N of the 5-mm uplift isoline
(at ca. 60°N), is termed the Gulf of Bothnia. The Gulf
of Bothnia is separated at Norra Kvarken ( = Northern
Strait, at ca. 64°N) at the 8-mm uplift isoline, into the
Bothnian Bay in the N and the Bothnian Sea in the S.
Norra Kvarken is separated into a W part (Vistra
Kvarken) on the Swedish side and an E part (Ostra
Kvarken) on the Finnish side.

The primary succession on rising ground-
moraine shores along the Gulif of Bothnia ter-
minates in Norway spruce (Picea abies (L.)
Karst) communities (e.g. Appelroth, 1948;
Kielland-Lund, 1970). Figure 2 illustrates the
normal ecological gradient. Four distinct suc-
cessional stages can be distinguished: an open,
early stage dominated by graminoids and low-
growing shrubs; a primary forested stage domi-
nated by broadleaves; secondary forested stage,
dominated by Norway spruce; a fourth, climax-
like Norway Spruce stage.

A reconnaissance in the Vistra Kvarken
Archipelago, in the Gulf of Bothnia (in prep.),
has revealed that primary succession sequences
of long duration, undisturbed by direct anthro-
pogenic impact (tree-felling), can be found along
the coastlines. The reconnaissance also ident-
ified common disturbances, such as firewood-
cutting during World War IL. This disturbance
resulted in severe disruption of the forest struc-
ture, which still is easily detectable more than
half a century later. Grazing and browsing by
cattle, horses and sheep was also common in
former agricultural management, as is browsing
by elk (4ices alces) and roe deer (Capreolus cap-
reolus) today. But ‘to the degree that herbivores
and plants have evolved together, it may be
inappropriate to consider grazing as a disturb-
ance’ (Glenn-Lewin & van der Maarel, 1992).
Wildfires probably are infrequent or absent from
the coastline, resulting in development towards
old-growth, climax-like forests (cf. Zackrisson,
1977; Sjoberg, 1994).

Owing to the favorable climate in the
Bothnian region — even in its northernmost parts
- the spruce communities on ground-moraine
are fairly productive, with a rapid change from
one seral stage to the next. A well-stocked, old-
growth Norway spruce forest can develop within
a short ecological time, two to three centuries
(Svensson, 1998). Such forests present an excel-
lent opportunity for examining natural suc-
cession and dynamics, and for classifying stages
of structural development (¢f. Cramer, 1985;
Verwijst & Cramer, 1985; Svensson & Jeglum,
in press). Despite the fact that the forests are
relatively young, some have developed features
characteristic of old-growth, such as consider-
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Fig. 2. The normal ecological gradient on an intermediate exposed ground-moraine shore on the Vistra Kvarken
coastline. The successional stages, with suggested terminology, the sequence of woody plants and the four-dimensional

approach, are illustrated.

able amounts of coarse snags and fallen logs,
uneven-aged and uneven-sized structures, and
sometimes rare and threatened species (Suomi,
Aarnivirta,  Ahlroth, Huitu, Hyvérinen,
Korkeamiki, Mattila, Niskanen, Péiivinene,
Rintala & Suhonen, 1997).

The main conclusion from the reconnaissance
is that long-term, undisturbed primary suc-
cession sequences that terminate in old-growth
Norway spruce forests can be found. Such sites
are not abundant, however, whereas sequences
to semi-mature, undisturbed spruce stages are
fairly common. The inhabitants of coastal vil-
lages sometimes own the newly-elevated land in
common, hence felling is not agreed upon. In
other cases, the new land is in isolated places,
on islands or far from settlements, or simply on
private land where the owner has chosen not to
harvest. Private land-ownership is common in
the region.

The aim of the present paper is to review
existing knowledge on primary succession, with
emphasis on forests dominated by Norway
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spruce on the rising coastlines of the Gulf of
Bothnia, and to identify the rationale for further
research. The review emphasises vegetational
and floristic changes, since we consider these to
be the essence of succession (¢f. Grime, 1979;
Miles, 1979). Therefore, we do not go deeply
into other process-related measures of eco-
system succession, such as energy flows, biomass
accumulation, nutrient cycling, etc. (e.g. Odum,
1969; Austin, 1981).

This paper derives from a doctoral project at
the Department of Forest Ecology, SLU, Umea,
entitled ‘Primary succession and dynamics in
virgin Norway spruce coastal forests on land-
uplift ground moraine’, carried out in the Vistra
Kvarken Archipelago of the Gulf of Bothnia, in
the county of Visterbotten, Northern Sweden.
This is close to the area with the currently high-
est rate of land uplift in Fennoscandia (Fig. 1).
The overall aim of the study is to provide basic
information about primary succession, and in
particular, about the dynamics and structural
development of pristine Norway spruce forests.



The study is intended to be applied to the in-
terpretation of successional trends and dynamic
patterns in terms of sustainable ecosystem
management and adaptive forestry principles.
Details of research methods and outputs will be
published elsewhere.

Natural forests

The concept of natural forests

In the Nordic countries, humans have greatly
influenced forest land for a long period, directly
by management or indirectly by controlling
natural disturbances and environmental factors
(Hagner, 1992a; Ostlund, 1993; Bernes, 1994).
There is at present no exact and objective infor-
mation about the remaining area of natural for-
ests; this depends partly on difficulties of
definition and terminology (Anon., 1994). The
Nordic Council of Ministers (Anon., 1994) de-
fined natural forests as naturally regenerated
forests where no systematic management re-
gimes have been applied. Virgin forests are de-
fined as being old, natural forests that have
arisen from regeneration in natural forests. In
virgin-like forests, some traces of human impact
can be detected, even though the overall forest
structure and continuity are maintained (Anon.,
1994). The widely used term ‘old-growth’ may
be regarded as synonymous with virgin-like
forest (cf. Jones, 1945; Oliver & Larson, 1990).

Forests that have developed naturally, in the
absence of disturbance for a long period, nor-
mally exhibit high species diversity. This is an
effect of a higher diversity of habitats and niches,
such as the presence of considerable amounts of
dying and dead wood (Bartels, Bell, Knight &
Schaefer, 1985; Samuelsson, Gustafsson &
Ingelég, 1994), old and large trees (Esseen,
Ehnstréom, Ericson & Sjoberg, 1992; Sjoberg &
Ericson, 1992), and uneven-sized forest structure
(Ingeldg & Lennartsson, 1991). A significant
proportion of the rare and threatened species
can be found in forests containing such old-
growth structures (Ingeldg & Lennartsson, 1991,
Anon., 1994; Bernes, 1994; Hornberg, Ohlson &
Zackrisson, 1995). As a result of the long-term,
undisturbed development, complexity in food-
webs and other ecological functions is high
(Maser, Trappe & Nussbaun, 1978; Coleman,
1985; Perry, Amaranthus, Borchers, Borchers &

Brainerd, 1989; Chapin, Torn & Tateno, 1996).
Consequently, these forests are more sensitive
to forestry and other disturbances (Pettersson,
1991; Ingham & Thies, 1996). But even in forests
that today are classified as virgin or virgin-like,
we frequently find traces of past human activities
which, to a greater or lesser extent, have influ-
enced the natural dynamics (Segerstrém,
Bradshaw, Hornberg & Bohlin, 1994).

From 1978 to 1981, the National Environ-
mental Protection Agency and the National
Board of Forestry in Sweden conducted a survey
which revealed that ca. 33000 ha (the northern-
most province of Norrbotten and the alpine
regions excluded) of virgin and virgin-like
forests still remained in Sweden. It was
concluded, however, that the majority of
these forests were on low-productive sites
(Brakenhielm & Wallin, 1982). Moreover, for-
ests with old trees are not very common; only
ca. 7% of the productive forest land of northern
Sweden consists of forests aged 140 years or
older (Bernes, 1994). By comparison, L&hde,
Laiho, Norokorpi & Saksa (1991) and
Norokorpi, Lihde, Laiho & Saksa (1997) con-
cluded that virgin forests — which they defined
as uneven-aged stands entirely or for the most
part undisturbed by humans — accounted for
almost half and two-thirds of all Sweden’s and
Finland’s forests, respectively, in the 1920s.

A common conclusion is that nearly all forests
in the Nordic countries have been modified by
human interaction, either directly or indirectly.
True virgin forests are very rare, and can be
found only close to the Scandinavian mountains
(Anon., 1994).

Reference forests for ecosystem
management

In the Nordic countries, clearfelling has been
the dominant silvicultural method since World
War II (Hagner, 1992a). Accordingly, research
has emphasised artificial regeneration after
clearfelling, and management of even-aged and
even-sized monocultures. During the past
decade or so, however, a paradigm shift in forest
management has been taking place (e.g.
Norokorpi et al., 1997; Hagner & Nyquist, 1998;
Barnes, Zak, Denton & Spurr, 1998). The shift
encompasses a range of alternative conceptual
approaches to forest management, developed on
a firm knowledge base of natural ecosystem
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processes, and recognising multiple-use aspects
{e.g. Hopwood, 1991; Hagner, 1992b; Grumbine,
1993; Lundqvist, 1993, 1994; Bernes, 1994;
Franklin, 1989; Hanell & Ottosson-Lofvenius,
1994; O’Hara, 1998; Fries, Carlsson, Dahlin,
Limas & Sallnids, 1998; Svensson & Jeglum in
press).

The paradigm shift is fundamentally from
rigid stand management to management with
flexible targets; from single trees to landscapes
(see conceptual reviews, e.g. by Boyce & Haney,
1997, O’Hara, 1998). The concept encompasses
ideas of large- and small-scale structural hetero-
geneity, patches of old-growth with retention of
coarse woody débris, maintenance or enhance-
ment of structural and biological diversity, and
long-term ecosystem sustainability. Franklin
(1989) stated that the focus of New Forestry,
‘... a kinder and gentler forestry that better ac-
commodates ecological values, while allowing
for the extraction of commodities’, is the main-
tenance of complex ecosystems. A sustainable
ecosystem is “.. one that, over the normal cycle
of disturbance events, maintains its character-
istic diversity of major functional groups; pro-
ductivity, soil fertility, and rates of biochemical
cycling.” (Chapin et al., 1996). The sustainability
of an ecosystem is thought to be closely linked
to enhanced ecological variability, i.e. structural
and biological diversity (¢/. Magurran, 1988).

Kuuluvainen, Syrjinen & Kalliola (1998)
described the structure of a pristine Norway
spruce forest in the southern boreal forest zone
in Russia. They found that a smaller-scale struc-
tural heterogeneity and a larger-scale homogen-
eity characterised the forest. They suggested that
‘.. the ecology and dynamics of extensive areas
of natural boreal forests can be driven by small-
scale disturbance.” This represents a swing away
from the emphasis on the importance of periodic
and large-scale disturbances, such as wildfire, on
landscape patterning. They concluded that to
develop an ecologically sound silviculture for
the kinds of forests they studied, one should
move away from a compartment and stand-level
approach to one emphasising small-scale spatial
heterogeneity and temporal variability. In other
words, to maintain ecological diversity, one
should adopt a selection system that mimics the
natural small-scale disturbance patterns, thus
maintaining a patchy forest cover with continu-
ous presence of deadwood. In order to develop
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ecologically sound and sustainable forest man-
agement strategies, there is a need for knowledge
of dynamics and structural development of natu-
ral forests (Léhde et al.,, 1991; Norokorpi et al.,
1997). Botkin (1990) emphasised this grand
challenge as follows: “We no longer have the
luxury to believe that we can live in harmony
with the environment without knowledge and
understanding of natural systems.’

The lack of a clear and unambiguous defi-
nition of the virgin forest concept is evident
(Norokorpi et al., 1997; see above, p. 5). This
confuses the overall picture, but still the trend
is clear; there has been a marked decrease in
natural forests in Fennoscandia, and at present,
they are absent from vast areas. Thus, forests
that could potentially be used as reference for-
ests for understanding the long-term natural dy-
namics are not readily available. Consequently,
forest ecologists have devoted considerable
effort to finding the remaining virgin and virgin-
like forests, and to studying their structure,
dynamics and succession (e.g. Sirén, 1955;
Hytteborn & Packham, 1987; Leemans &
Prentice, 1987; Leemans, 1991; Lihde et al.,
1991; Quinghong & Hytteborn, 1991; Hofgaard,
1993a and 1993b; Hoérnberg et al, 1995;
Norokorpi et al., 1997; Linder, 1998).

Thus, the undisturbed, old-growth Norway
spruce forests on the coastlines of the Gulf of
Bothnia should be recognised and carefully
documented, both for scientific investigation as
potential natural reference forests and as records
of natural forest development from initial site
formation.

The Gulf of Bothnia

Post-glacial land uplift

At the maximum extension of the Weichselian
ice sheet, 20000-18 000 years B.P., the ice shield
was ca. 3000 m thick at the centre. The heavy
load pressed the Fennoscandian crust down
800-900 m below the present level (Fredén,
1994). As the ice began to melt, two processes
started — the eustatic rise of the sea level, and
the isostatic land uplift as the crust rebounded
to its former position.

During initial stages of postglacial develop-
ment, the sea-level rise could be substantial, as
great as 1.5-2 m per century (Fredén, 1994), by



far exceeding the rate of land uplift. The highest
sea level, denoted the highest shoreline, is still
very obvious in many places. The level of this
line above present sea level varies between
180 m in northern Sweden and 50m in
southern Sweden, with a maximum of 285 m in
the central part. According to Fredén (1994) and
Helmfrid (1994), the altitude differences depend
on: (1) how far the crust was depressed; (2) the
amount of sea-level rise; and (3) how long the
area has been ice-free. Eventually, the land-uplift
rate exceeded the sea-level rise; the net result is
an increase in land area along the coasts. This
is still an ongoing phenomenon along the shores
of the Bothnian Sea, and in a few other places
such as Hudson and James Bay, Canada
(Ekman, 1993), and the White Sea, Russia
(Kouznetsova, 1999a).

In 1835, Lyell was the first to conclude that
the increase in land area depended on land
uplift, rather than on a lowering of water levels
(Ekman, 1993), the latter being the common
interpretation at the time. The theory that uplift
is a consequence of crustal rebound after de-
glaciation was first put forward a few decades
later by Thomas Jamieson in 1865 (Ekman,
1993). Lyell used old mean sea-level marks on
rocks along the Swedish and Finnish coasts. The
oldest rock carving documentation of land uplift
in Sweden dates back to 1491 (Ekman, 1993).

The oldest mareograph (automatic water-
level meter) in Sweden was established in 1774
(Stockholm). In the late 19th century, several
more were added (Fredén, 1994). Series of
measurements from the mareographs, combined
with levellings made at inland sites, make it
possible to calculate the uplift rate and its geo-
graphical distribution. The present rate has been
calculated on the basis of two survey levellings,
with 65 years between, together with recordings
from ten mareographs. The highest current rate
of uplift in Fennoscandia, 9.2 mm yr~?, is in the
coastal area of northern Sweden, in the northern
part of the county of Vésterbotten and the sou-
thern part of the county of Norrbotten (Hela,
1953; Okko, 1967; Ekman, 1993; Fredén, 1994)
(Fig. 1). The uplift rate decreases southwards to
about zero, or even negative rates in the south
Baltic area, where there is slight subsidence.

It should be pointed out that the maximum
absolute rate of land uplift is at present
10.8 mm yr~—!. However, eustatic rise in sea-level

and other factors reduce the apparent uplift
(Ekman, 1993). The Bothnian Sea nevertheless
loses ca. 10 million m*® water annually because
of land uplift (Sjéberg, 1994).

The total crustal rebound in Fennoscandia
hitherto has been ca. 800 m; some 500 m during
the glacial melting period and ca. 300 m sub-
sequently, as expressed by the highest shore line
(Ericsson & Wallentinus, 1979). The remaining
uplift has been estimated at 50-120 m (Ekman,
1993). In a long-term historical perspective, the
uplift rate and its geographical distribution have
fluctuated substantially over the landscape.

The consequences of land uplift on the coastal
landscape have been carefully documented (e.g.
Skult (1956); Lisitzin, 1974; Alestalo, 1982;
Lundqvist, 1982; Ericson, 1982). The effect of
land uplift is generally more evident along
gently-sloping coastlines and where the coast is
broken up into peninsulas and bays. Owing to
the accumulation of fine material in sheltered
locations, and especially in the vicinity of river
mouths, the net vertical gain of land may exceed
the uplift rate substantially. Schwank (1982) re-
ported that the bottom of a previously shallow
bay on the northeast Finnish coast has risen
34 cm in 20 years.

Land uplift as a time sequence

One of the most intriguing challenges of ecologi-
cal science is to understand the process of tem-
poral change. There are several possible ways
to obtain information about changes in plant
communities: (1) to use permanent plots and
records that span over a relevant time-period;
(2) to use paleoecological, dendroecological and
archeological reconstruction, including written
documentation; and (3) to use study sites where
a chronosequence is available. Because of the
lack of permanent plot records spanning more
than a century (Fastie, 1995), a permanent
record of boreal forest development from pion-
eer to old-growth is not, to our knowledge,
available. Paleoecological and archeological re-
construction have relatively low temporal and
spatial resolution, and dendroecological me-
thods provide no information about non-tree
stages (Davis, 1989). The chronosequence
approach implies the use of study sites with
several stages of development available at the
same location. For studies of succession in eco-
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systems and plant communities, this is the classic
approach {e.g. Cowles, 1899; Cooper, 1913).

A critical assumption in the chronosequence
approach is that the older stages have developed
through phases similar to the younger stages.
Any change in environmental or other con-
ditions relevant to ecosystem processes, over the
time period considered, should thus be taken
into account. Fastie (1995) pointed this out in
his paper on multiple pathways of primary suc-
cession in the Glacier Bay study area; ‘“The juxta-
position in one putative chronosequence of
pathways that differ in either developmental
trajectory or rate can produce a misleading
inference.’

For studies of primary succession on rising
coastlines along the Gulf of Bothnia, the chrono-
sequence is constructed as a function of altitude
(topography) and land-uplift rate. It is assumed
that the known rate provides the possibility to
age any particular point, by measuring its elev-
ation above normal sea level and dividing by
the uplift rate. This method has been applied,
e.g. by Cramer (1985), Verwijst & Cramer (1985)
and Cramer & Hytteborn (1987), to determine
the age structure of coastal Alnus glutinosa and
other species; by Rydin & Borgegird (1988,
1991) to study species diversity changes on
islands after lake lowering; by Carlsson,
Elmquist, Wennstrom & Ericson (1990) to age
host plants infected by pathogens; and by Starr
(1991) to age soils along a 5000-year chronose-
quence on the Finnish side of the Gulf of
Bothnia. A reverse approach, i.e., to apply the
downward migration rate of woody species to
determine the land-uplift rate, has been used on
the rising east coast of Hudson and James Bays,
Canada (Bégin, Berube & Gregoire, 1992;
Grégoire & Bégin, 1993; von Mors & Bégin,
1993).

A common assumption is that ground age,
i.e. site age since uplift emergence from the sea,
and downward migration of plants on the
shore, show a linear relationship. Ericson &
Wallentinus (1979) concluded that the rate of
downward spread of long-lived species roughly
coincides with that of the actual land uplift.
Carlsson et al. (1990) stated that the height
above sea level of an island is correlated with
age, and therefore with time since it was first
colonised by plants. They found that for some
species it was possible to calculate approximate
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population ages. Cramer (1985) concluded that
age of Alnus glutinosa and elevation were sig-
nificantly correlated. Cramer & Hytteborn
(1987) concluded that field layer (non-woody)
vegetation changed with elevation at a rate con-
sistent with the known land-uplift rate.

It is indicated, however, that the relative verti-
cal position of species might influence the re-
lationship. Verwijst & Cramer (1985) found that
early-successional species on the lower part of
the shore (Alnus glutinosa, Fraxinus excelsior,
and Hippophaé rhamnoides) showed establish-
ment rates in agreement with the rate of sea-
shore displacement. The establishment rate of
late-successional species on the upper part of
the shore (Picea abies) also showed significant
correlation with elevation above sea level, but
with a different slope compared to the rate of
sea-shore displacement (Verwijst & Cramer
(1985); see Fig. 3).

The Vastra Kvarken Archipelago

In their guidebook, Ericsson & Wallentinus
(1979) elucidated the climatic, geological and
vegetational conditions along the shores of the
Gulf of Bothnia. Also, Cramer (1993) provided
a general description of dry coastal ecosystems
of the Northern Baltic Sea. Here, some of the

120 ¢
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Fig. 3. Relationship between age of Norway spruce
(cored at 0.25 m above ground) and ground age, based
on topography and an uplift rate of 0.0085 m yr~!
(Lantméteriet, 1989). The sample is from an undisturbed,
old-growth Norway spruce forest on an island in the
Bay of Sorfjarden (63°49'N, 20°41'E), Vidstra Kvarken
Archipelago (n=220). The line illustrates a 1:1 linear
relationship (Tree age = Ground age+65 years). The
initial establishment level is equivalent to 0.5-0.6 m
above normal sea level, which is close to the highest
water level at this location. It is evident that that the
age distribution of Norway spruce is lagged relative to
the ground age sequence with a slope coefficient
approaching 0.3 (from Svensson, in press).



basic features in the Vistra Kvarken (Fig. 1)
area will be briefly depicted.

The coastal area is transitional between the
south-boreal zone that extends in a narrow strip
along the coast, and the mid-boreal zone (e.g.
Sjérs, 1967). The maritime influence on the cli-
mate is crucial. Seawater has a chilling effect
during spring and early summer, and a warming
effect during autumn and early winter. The sea-
water is brackish, with a salinity range from
2—-5%.. At the river mouths, salinity approaches
zero. The tidal influence is very slight. Instead,
the fluctuations in sea level owing to wind and
atmospheric pressure changes are pronounced,
120-130 cm according to Ericson (1980), and
display regional, seasonal and year-to-year vari-
ations. The occurrence of high and low water
years shows a cyclic periodicity of ca. 4—7 years.
The normal pattern is that the highest mean
water levels occur in January, but at that time,
the ice cover has a moderating effect. The lowest
levels usually occur in February to April, and
low levels continue throughout May and June.
In autumn and early winter, the levels rise, the
amplitude increases and rapid changes can
occur.

The bedrock is the pre-Cambrian peneplain
that mainly consists of various kinds of granite,
gneiss and acid igneous rocks. Archipelagos are
found only in few places, as in the Norra
Kvarken strait (Fig. 1). The islands are mainly
built up of bedrock and morainal deposits, and
are often boulder-strewn and wave-washed. The
coastal area has been highly reworked by glacial
action, especially during the melting period. The
landscape is characterised by parallel drumlins
— oval-shaped ridges formed beneath and paral-
lel to an ice sheet as it moved over the terrain
(Fredén, 1994) — with depressions between them.
The most common drumlin in Vistra Kvarken
is the drumlinoid type, made up of a nucleus of
bedrock with deepest accumulated till on the lee
side (Fredén, 1994; see Fig. 4).

The annual precipitation is 450-500 mm. The
mean temperature for the coastal area of Vistra
Kvarken is —5° to —7°C in January, 0-1°C in
April, 15°C in July, and 9 °C in September. The
annual mean temperature is 3-4°C. The dur-
ation of ice cover is 80-100 days, and the dur-
ation of snow cover ca. 150 days. The growing
season lasts ca. 150 days (threshold + 6°C; see
also Ericson, 1980). Cold spells quite frequently

occur in early autumn, and affect the life cycles
of many seashore species.

Succession and dynamics

Central concepts and definitions

The literature dealing with forest succession and
dynamics is extremely rich. It is evident, how-
ever, that there is confusion and vagueness in
the use of terms, especially in literature dealing
mainly with practical forestry applications of
successional theory. This section therefore
briefly reviews some central concepts and defi-
nitions. For more thorough conceptual reviews,
the reader is referred to papers such as those by
Miles (1987), Oliver & Larson (1990) and
Glenn-Lewin, Peet & Vebien (1992).

Ecosystems are continuously changing in
their structure, function, degree of complexity,
and in the interactions between components
(Botkin, 1990). The current composition of any
ecosystem is merely a transitory assemblage
(Chapin et al., 1996). Kimmins (1997) recog-
nised three major categories of ecosystem
change: (1) long-term, slow and directional
changes in the physical environment; (2)
changes in the genetic constitution of the biota
as a result of natural selection; and (3) temporal
development and change in ecosystem structure
and function. The last category is termed eco-
logical succession, a term originally coined by
Thoreau in 1863 (Kimmins, 1997).

Change is closely linked to the time scale
addressed. Glenn-Lewin & van der Maarel
(1992) suggested division of the time scale into:
(1) short-term, the domain of fluctuations; (2)
middle-range, the domain of succession; and (3)
long-term, the domain of vegetation history. The
time span for each category is a highly arbitrary
measure; for the domain of succession, Glenn-
Lewin & van der Maarel (1992) suggested a few
decades to a few centuries, and Miles (1987) a
decade to several millennia.

The process of change includes both the cause
— the mechanism or mechanisms that induce the
change, and the consequence — the virtual
change that different components of the eco-
system undergo. Change can be induced by a
variety of causes, both by intrinsic biotic and
abiotic processes and by external factors. Jenny
(1941) identified five independent state factors
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that determine soil and ecosystem processes: (1)
parent material, (2) climate, (3) topography, (4)
biota, and (5) time. Chapin et al. (1996) intro-
duced an extension of this approach by charac-
terising four interactive controls: (1) regional
climate, (2) soil resources, (3) functional groups
and (4) disturbance regime. The interactive con-
trols are constrained by the state factors and
interact dynamically with ecosystem process and
change (Chapin et al., 1996).

A focal aspect to be acknowledged is that
ecosystem change is a case of multiple determin-
ism. If we eventually are able to understand fully
the process of change in an ecosystem over time,
then we are able to interpret the pathway; in
other words, we are able to recreate the past
and to determine the future on the basis of the
present situation. Consequently, we are able to
predict the kind and amount of response in the
ecosystem, to the kind and amount of cause.

Kimmins (1997) defined successional pathway
as the sequence of plant communities and
changes in the ecosystem components (biotic
and abiotic) over time. The distinction between
pathway, on the one hand, and process, on the
other, is ambiguous. Thus, the pathway is com-
monly denoted as the physical result of the pro-
cesses. The process of succession can be
described in an orderly, and often arbitrary,
schematic outline of the progression along a
sequence of stages, e.g. Clements’ (1904, 1916)
scheme: (1) nudation — creation of a bare area
by disturbance; (2) migration — arrival of organ-
isms; (3) ecesis — establishment of organisms; (4)
competition — interaction of organisms; (5) reac-
tion — modification of the abiotic condition by
biotic interaction; and (6) stabilisation — devel-
opment of climax. A more recent version, more
strictly for forest development, was proposed by
Oliver & Larson (1990): (1) initiation — new
individuals and species appear after a major
disturbance; (2) stem exclusion — self-thinning
and species reduction; (3) understorey
re-initiation — understorey individuals survive
but are suppressed; and (4) old growth — over-
storey trees die randomly and some understorey
individuals begin to grow more rapidly.

In nature, however, neither the process of
change nor the pathway follows an orderly se-
quence. Succession is a stochastic and variable
process (Botkin, 1979), highly dependent on
local conditions and chance (Glenn-Lewin &
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van der Maarel, 1992). Vegetation and eco-
system processes always respond to many fac-
tors (Chapin et al, 1996). Hence, a multiple
pathway approach to succession (Olson, 1958),
where both convergence and divergence can be
observed (Glenn-Lewin & van der Maarel,
1992), is probably relevant in most cases.

As to definition of the term ecological suc-
cession, numerous versions have been presented.
Clements (1916) defined it as the sequence of
plant community development from lower to
higher life forms; and Gleason (1927) defined it
as all vegetation change in time, covering the
range from fluctuations to fundamental changes
in the plant association. Odum (1969) defined
ecological succession in terms of three param-
eters: (1) it is an orderly process of community
development that is reasonably directional
and therefore predictable; (2) it results from
modification of the physical environment by
the community, i.e. community-controlled but
environmentally determined; and (3) it culmi-
nates in a stabilised ecosystem with homeo-
static properties (see also Mclntosh, 1981).
McNaughton & Wolf (1979) stressed the direc-
tional change and Colinvaux (1986) the success-
ive change in populations. Kimmins (1997)
noted that the term can be used in two ways:
(1) it can refer to the sequence of plant, animal
and microbial communities that successively
occupy an area over a period of time — the
pathway; and (2) it can refer to the process of
change by which biotic communities replace
each other and by which the physical environ-
ment becomes altered. When the term is used in
the latter sense, the entire sequence of com-
munity and ecosystem change is called a sere,
and each discernible stage is called a seral stage
(Tansley, 1935).

A primary succession is vegetation develop-
ment on newly-formed or exposed raw parent
material, with no seedbank or organic matter
derived from prior biota (e.g. Glenn-Lewin &
van der Maarel, 1992). The substrate has not
yet been altered in any way by living organisms
(e.g. Kimmins, 1997). Pianka (1988) stressed
pedogenesis as the initiation of a primary
succession. In the general sense, a major disturb-
ance can initiate a primary succession. The
absence of disturbance, defined as a direct
disruption of the biotic organisation (Glenn-
Lewin & van der Maarel, 1992) during the



succession sequence is, however, another funda-
mental requirement in denoting a primary
succession.

When succession begins in an environment
that has already been more or less modified by
a period of occupancy by living organisms, it is
termed secondary succession; e.g., as in forest
development after clearfelling, or old-field suc-
cession. Egler (1954) very early distinguished
two main processes, ‘initial floristic composi-
tion’, ¢f. secondary succession, and ‘relay flor-
istics’, ¢f. primary succession, although he
preferred the term vegetation development to
succession. The distinction between the terms is
ambiguous; ‘Primary succession seems easy to
recognise, leaving all else to a very broad sec-
ondary succession concept, but in nature pri-
mary and secondary succession probably form
a continuum’ (Glenn-Lewin & van der Maarel,
1992).

For a specific sequence, classifications can be
made according to initial moisture condition,
i.e. xerarch (xeroseres), mesarch (mesoseres) and
hydrarch (hydroseres) successions, and to initial
fertility status, i.e. oligotrophic, mesotrophic and
eutrophic successions. Although the starting
point defines the original conditions of moisture
or fertility, these may change during the sere,
depending on how the biota modify the parent
material (cf. Sjors, 1983).

Based upon the mechanisms that cause the
change and that have an impact on the direction
of the process, succession may also be classified
as autogenic or allogenic. Autogenic suc-
cession is vegetation change caused by intrinsic
forces of biotic interactions and biotic modi-
fication of the environment, while allogenic suc-
cession is caused by environmental conditions
and environmental change (e.g. Tansley, 1935;
Glenn-Lewin & van der Maarel, 1992). Autogenic
successions often render the site less optimal for
the organisms producing the change, and more
optimal for the organisms that replace them. A
third class that may be recognised is biogenic
succession (Kimmins, 1997). Here, the mechan-
isms include insect epidemics, diseases and in-
vasion by non-native species, where a living
organism interferes with an autogenic or an al-
logenic succession or both, and becomes the
major agent of change.

The term dynamics, or vegetation dynamics,
has been used more or less synonymously to

succession. Oliver & Larson (1990) defined dy-
namics as the study of changes in forest structure
over time, and included forest development
during and after disturbances. Glenn-Lewin
et al. (1992) defined it more broadly, as the
study of plant succession and regeneration dy-
namics. In the literature, it is evident that a very
common definition of the term is autogenic,
small-scale and community-internal succession,
following the shifting mosaic concept of eco-
system change proposed by Watt (1947). For
example, Hornberg et al. (1995) suggested in a
paper on an old-growth Norway spruce forest
in northern Sweden, that the internal dynamics,
caused by single-tree mortality in combination
with sexual reproduction and local factors, are
the driving forces in self-perpetuating forests in
the short term.

Another term that must be mentioned is the
climax, or climax community. A climax is an
indefinitely prolonged stage of a sere, where
community development and change become
exceedingly slow and where the composition of
the biota remains approximately constant for a
long period of time (Kimmins, 1997). According
to this, succession can be termed progressional
— towards a climax condition, and retro-
gressional — referring to the effects of disturb-
ance (e.g. wildfire; rising water table) — in moving
the seral condition back to an earlier stage (cf.
Odum, 1969).

Convergence towards the regional climax, in
equilibrium with the regional climate (climatic
climax), was the theoretical foundation for the
first theory of succession, the mono-climax
theory of the Danish botanist E. Warming in
the late 19th century (Clements, 1936). The re-
gional climax was considered as a predictable
end-point of a succession for a specific area, and
analogous to a supra-organism. This theory was
subsequently modified to a second major theory
of succession, the poly-climax theory (Tansley,
1935), which stated that many factors may inter-
vene to prevent an arca from reaching the cli-
matic climax condition. Thus, the theory states
that succession in a region does not lead toward
a single climax, but toward a mosaic of different
climax communities determined by the mosaic
of habitats. The interaction between the biota
and their environment maintains or amplifies
habitat variation in space and time (Watt, 1947).
Watt further elaborated on a ‘phasic equilib-

11



rium’ (phasic climax), a definite proportion
between the constituent biotic phases, as a result
of a constant environment. Jones (1945) wrote
a few years earlier: “It is conceivable that ‘climax
forest’ is a concept only, never existing in prac-
tice either because of catastrophic initiation of
fresh seres, or because of the time lag ... in the
adjustment of the vegetation cover to an ever-
changing environment.” Watt agreed: ‘... phasic
equilibrium may rarely be achieved even though
the tendency is always in that direction’. Along
this route, a third theory of succession, the
climax pattern hypothesis (Whittaker, 1953),
suggested that vegetation forms a continuum in
which species are distributed and replace each
other, independent of association (community),
along environmental gradients.

These contrasting views of succession;
orderly—predictable (e.g. Clements, 1916; Odum,
1969) versus disorderly—unpredictable (e.g.
Gleason, 1917; Drury & Nisbet, 1973), are fun-
damental for encouraging the development of
knowledge on the topic of ecological succession.
Thus, the concept of succession is undergoing
intense reconsideration. Much of this recon-
sideration addresses the regularity and direc-
tionality of processes, and the causal
mechanisms underlying change in community
structure (e.g. Gorham, Vitousek & Reiners,
1979). Processes include, for instance, chemical
regulation, carbon accumulation and pro-
ductivity rates, and casual mechanisms such as
climate change, atmospheric pollution and
drastic disturbances by insects.

Overview of literature on primary
succession

Primary succession occurs on many different
substrates, such as river deltas, floodplains, elev-
ating sea shores, volcanic deposits, sand dunes,
glacier forelands, landslips, granite outcrops,
coal and mine waste tips, abandoned quarries,
excavated peat surfaces, reefs, etc. (¢f. Glenn-
Lewin & van der Maarel, 1992). The literature
reveals that some of these substrates have been
more frequently studied, for example, glacier
forelands (e.g. studies from Norway, Canada,
Alaska, Chile and New Zealand), floodplains
(e.g. Peru and Alaska), and lava fields (e.g.
Iceland, Italy, USA, Reunion Island, New
Hebrides, Japan, Hawaii, Papua-New Guinea,
New Zealand). To give a few examples: soil

12

development and nutrient cycling have been
studied by Clein & Schimel (1995) and Emmer
& Sevink (1994); mechanisms of primary suc-
cession following deglaciation by Chapin,
Walker, Fastie & Sharman (1994) and Vetaas
(1994); vegetational processes following vol-
canic eruptions by Heath (1967), Matson (1990)
and Shiro & del Moral (1995); successional pat-
terns in rain forests by Aplet & Vitousek (1994)
and Whittaker & Bush (1993); and primary suc-
cessions on floodplains and sandbanks by
Walker & Chapin (1986).

For boreal conditions, a few research areas
are of especial interest. There is an excellent
literature available on floodplain primary suc-
cessign, especially from studies in North
America, Alaska in particular: eg. Viereck
(1970) on forest succession and soil develop-
ment; van Cleve, Viereck & Schlentner (1971)
on nitrogen accumulation in alder ecosystems;
Yarie (1983) on environmental and successional
relationships; McClanahan (1986) on the suc-
cessional influence of seed source; Walker,
Zasada & Chapin (1986) on life history pro-
cesses; Krasny, Vogt & Zasada (1988) on
Salicaceae species ecology; Yarie (1993) on the
effects of selected forest management practices
on environmental parameters related to suc-
cessional development; Mann, Fastie, Rowland
& Bigelow (1995) on spruce succession, disturb-
ance and geomorphology; and Binkley, Suarez,
Stottlemyer & Caldwell (1997) on terrace dy-
namics. It is generally concluded that floodplain
vegetation succession is controlled by river re-
allocation of inorganic matter, by soil chemistry
and nutrient cycling, and by permafrost build-
up and collapse (van Cleve, Chapin, Flanagan,
Viereck & Dyrness, 1986).

More recently, interest has developed regard-
ing the impact of herbivores on the vegetation
succession on floodplains. Since browsers prefer
willow species, in Alaska especially Salix alax-
ensis, hare and moose population sizes influence
the shift from the early-successional willow stage
to the later-successional alder stage (Collins &
Helm, 1997, Kielland, Bryant & Ruess, 1997;
Kielland & Bryant, 1998). Helm & Collins
(1997) argued that browsing can cause multiple
successional pathways on river plains.

Primary succession on glacier forelands has
long been an area of documentation and re-
search (e.g. Lawrence, 1958). Since Cooper’s ex-



peditions in the 1920s and 1930s (e.g. Cooper,
1923), the glacier retreat at Glacier Bay, Alaska,
and the subsequent primary succession, has been
one of the best-documented successional path-
ways. A few more studies from this specific
location may be mentioned: nitrogen fixation by
Dryas drummondii by Schoenike (1958); plant
diversity by Reiners, Worley & Lawrence (1971);
Sphagnum invasion and paludification at the end
of the chronosequence by Noble, Lawrence and
Streveler (1984); and changes in productivity
and distribution of nutrients by Bormann &
Sidle (1990). In an attempt to reconstruct the
invasion history of woody plants, Fastie (1995)
emphasised causes and consequences of multiple
pathways. He suggested that texture, lithology
of soil parent material, and proximity to seed
source, are important initial conditions that in-
fluence the pathway. Other locations, such as
Exit Glacier on the Kenai Peninsula, Alaska,
have been carefully studied. On the Exit Glacier
foreland, Helm & Allen (1995) identified seven
stages of vasular plant communities along the
chronosequence, and Helm, Allen & Trappe
(1996) reported on time requirements for
mycorrhiza formation.

For coastal areas, some research has dealt
with colonisation of sand dunes by vegetation.
Emmer, Hulshoff & Breij (1991) and Emmer &
Sevink (1994) reported on the effect of Pinus
sylvestris plantations on humus build-up and
humus profile development. Fanta (1986) re-
ported on the development of Pinus sylvestris
stands, litter and humus layer build-up, and
plant association formation in similar environ-
ments. Walker, Thompson, Fergus & Tunstall
(1981) illustrated the ultimate dependence of
terrestrial biological systems on soil fertility, and
the tendency for coastal sand dune ecosystems
to lose nutrients and decrease in fertility over
long time periods. They suggested that in the
long term, and indeed in the short term for some
nutrient-poor systems subject to intensive land
use, the assumption of a self-perpetuating forest
climax seems biologically and geochemically un-
tenable. Gorham et al. (1979) summarised eco-
system processes in relation to biogeochemical
cycling in developing ecosystems, including
inputs, hydrological processes influencing
inputs, and biological processes affecting the
balance of inputs and outputs. The concepts of
progressive and retrogressive forest succession

can be related to biogeochemical processes and
nutrient gains or losses over time.

Reported studies on primary succession on
rising coastlines outside Fennoscandia are not
common in the literature. Bliss & Gold (1994)
report on plant colonisation, successional se-
quences, and plant association development on
a rising high-arctic coastline on Devon Island,
Canada. The rising coastlines along Hudson
Bay, Canada, offer excellent opportunities for
studying primary succession (Sims, Wickware &
Cowell, 1987), both concerning wetland suc-
cessions and successions on mesic and drier sites.
The response of littoral shrub populations (Salix
spp, Alnus rugosa) to land emergence, as well as
conifer (Larix laricina and Picea mariana) popu-
lation response and community development,
have been carefully documented for the east
shore of James Bay and Hudson Bay (Bégin
et al., 1992; Grégoire & Bégin, 1993; von Mors
& Bégin, 1993; Lescop-Sinclair & Payette,
1995). Kouznetsova (1999a and b) studied soil
evolution from marsh to upland podzols and
back to peat soils along 4000-year transects on
the Karelian White Sea shore in Russia. The
rate of land uplift in this area varies from
2mmyr ! to 5-6 mm yr !, Kouznetsova con-
cluded that soil transitions are polygenetic: de-
velopment towards upland, mineral types;
directly towards organic peat soils; or to upland
mineral and then back towards organic peat
soils, owing to secondary paludification. Studies
on land-uplift primary succession along the Gulf
of Bothnia are reviewed below (pp. 14-19).

Succession that occurs on exposed open pits
or mine tailings, abandoned gravel and sandpits
and cutaway peat deposits offers exposed raw
parent materials. These successions may be con-
sidered as primary or secondary, depending on
the depth of extraction relative to the depth of
weathering and pedogenesis, and on whether
any viable seeds or spores still are present
(Curran & MacNaeidhe, 1986; Salonen, 1987,
Smart, Wheeler & Willis, 1989; Salonen, 1990).
The succession is rapid in the initial stages (e.g.
Jukola-Sulonen, 1983; Huston & Smith, 1987)
and, in the case of primary succession, totally
dependent on immigration of seeds and spores
from a neighboring source (¢f. Miles, 1987,
Glenn-Lewin & van der Maarel, 1992).

During the course of many terrestial seres, the
majority of higher plant species enter the suc-
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cession as seeds (Fenner, 1987). Wind is prob-
ably the main agent for distribution in most
cases. The effectiveness of seed dispersal de-
pends, according to van der Valk (1992), on five
factors: (1) seed production, (2) vector of seed
transport, (3) timing of seed release, (4) distance
of dispersal and (5) fate of dispersed seeds. There
is a logarithmic decrease in propagule density
with distance (Sjors, 1971). Sjdrs observed that
in the Swedish flora Epilobium angustifolium has
the slowest-falling seeds, and thus the greatest
potential for long-distance dispersal. The dis-
tance, species composition, and fertility of the
seed source are important to the success of col-
onisation, but also important are the surface
structure and the physical and chemical con-
ditions of the ground (Horn, 1981; Sousa, 1984;
Salonen, 1990). In general, high densities of pro-
pagules reach an open, bare surface, but only a
small proportion becomes established (Wheeler
& Shaw, 1995). Species with light seeds adapted
to long-distance transport by wind, and with
adhesive capacity, are the most successful.

Primary succession on
Bothnian coastlines

Overview of the literature

The primary succession on the rising ground-
moraine shores along the Gulf of Bothnia
terminates in Norway spruce (Picea abies)
communities (Fig. 2). According to Ericson &
Wallentinus (1979), not much research has been
done on the moraine shores. There is, in fact, a
significant lack of studies that deal specifically
with the spruce succession sequence, community
dynamics and structural development. Ericson
{1980) concluded that our present knowledge of
the colonisation of Norway spruce on the
emergent shores, and the role played by the land
uplift and other factors, is only fragmentary. In
general, the literature dealing with the Finnish
coast is rich and comprehensive, while the litera-
ture dealing with the Swedish coast is limited
(Ericson & Wallentinus, 1979).

Some conceptual transect analyses were made
by Appelroth (1948, 1981) who emphasised pro-
ductivity, forest site type development, regener-
ation features, and silvicultural aspects of
coastal Norway spruce forests in the region.
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Appelroth (1948) hypothesised that natural pri-
mary succession on ground-moraine will con-
tinue beyond the Norway spruce stage into a
Scots pine (Pinus sylvestris) stage. Owing to a
falling groundwater table as uplift goes on, the
site would develop into a poor ecosystem with
a natural setback of spruce and natural estab-
lishment of the more drought-tolerant pine. The
general impression from the reconnaissance
mentioned in the Introduction is that the pine
forests found result either from disturbances
(past clearfelling, fire, over-grazing) or from a
different successional pathway. Pine sometimes
forms stands on the neck of an island or a
peninsula, where the soil normally is shallow.
We suggest that the occasional pine forests are
stationary phenomena that reflect particular site
conditions, which are not part of the normal
primary succession on the deeper morainal
shore slopes (Fig. 4). In a very long-term per-
spective, however, spruce may also enter the
pine sites.

The ecology of broadleaves along the coast
has been well documented. For instance, Tapper
(1993) reported on the replacement of Alnus
glutinosa by Fraxinus excelsior with increasing
elevation above sea level on an island in the
Stockholm Archipelago; Ericson (1972) gave a
general description of broadleaves along the
coast of the Gulf of Bothnia; and Cramer (1985)
and Verwijst & Cramer (1985) studied the age
structure of several woody species on a rising
seashore in northern parts of the province of
Uppland, Central Sweden (for the ecology of
specific woody species, see below, pp. 17-19).
The mires along the Bothnian coast have also
been well studied as, for example, the classifi-
cation and development of open mire vegetation
by Elveland (1976, 1981, 19844), and forested
and open wetland complexes by Sjoberg &
Ericson (1992). Also well documented are the
coastal and river-shore meadows (FElveland,
1984b, 1985; Schwank, 1974, 1981), and the
downward migration of seashore non-woody
plants (Vartiainen, 1980; Ericson, 1980, 1981;
Cramer & Hytteborn, 1987).

The main ecological factors

Recently emerged islands consist of bedrock or
boulders and stones, usually rock and coarse
material at the top and finer material on the
shoulders. The process of colonisation is charac-
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Fig. 4. An illustration of drumlin build-up relative to prevailing wind direction and main forest types. A stationary
Scots pine forest, not involved in the general primary succession, sometimes occurs on shallow soil on the drumlin
neck. The pine forest may be a result of a different successional pathway, in combination with past clearfelling, over-

grazing or wildfire disturbance.

terised by migration onto ground previously
without vegetation. Wind disperses propagules
from other islands or from the headlands
nearby, plants colonise, and humus and soil pro-
files begin to develop. In addition, propagule
dispersal by seawater, by animals or both,
occurs, as well as vegetative regeneration. In
places, aquatic deposits, consisting of mineral
and organic matter, build up, both in shallow
waters and as ridges on the shore.

As the community matures and changes, the
importance of allochthonous plant colonisation
decreases, while the importance of autochthon-
ous resurgence increases. Furthermore, it may
be assumed that early-succession processes are
primarily under abiotic control, while biotic fac-
tors take on greater importance later in the
sequence (Viereck, Dyrness & Foote, 1993;
Kielland & Bryant, 1998). As long as no major
disturbance interferes, the primary succession
continues progressively towards the regional
climax for each ecosite type.

In more sheltered locations, in the inner archi-
pelago and in bays and lagoons, there is less
influence of wave-wash and ice-drift. This allows
the accumulation of finer deposits of silt and
clay, also of organic deposits originating from
aquatic and submerged vegetation. Here, the
term primary succession is more questionable,
since organic substrates are involved to some
extent in the original site formation.

The spatial vegetational gradient observed on
a specific shoreline reflects the actual course of
succession (Ericson & Wallentinus, 1979). In
the initial stages, pioneers and competition-
intolerant species are able to colonise. Changing
water levels are of importance, because of the
associated erosive effect that creates new, bare
ground available for establishment at low water
levels. With increasing elevation and less dis-
turbance, more competitive species are favoured.
On gently-sloping shores, the width of the ex-
posed ground is great, and generative establish-
ment by fruits or seeds is more successful. On
steeply-sloping shores, on the other hand, the
opportunities for generative establishment are
rather small, owing to the lack of a stable surface
and limited area. Here, species that are able to
regenerate vegetatively are favoured (Ericson &
Wallentinus, 1979).

Ericson (1980) concluded that the comse-
quence of land uplift on the succession is largely
a long-term phenomenon. For species occupying
the lower geolittoral (see below, pp. 17-18) and
seawards, succession should be observed for per-
iods of ten years and more. For shorter periods,
the effects of annual and seasonal fluctuation in
sea level are more important to the composition
of shore vegetation, strongly influencing germi-
nation and seedling survival (Ericson, 1980).
Most seashore species germinate in the early
summer, ie. the time of the most pronounced
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and stable low water-level period. During a year
with pronounced low water levels, rapid seedling
colonisation takes place, and species can suc-
cessfully occupy new areas (Ericson, 1980). The
rate of seaward colonisation can in such situ-
ations substantially exceed the land-uplift rate
(Ericson, 1980; Schwank, 1981; Alestalo, 1982).
During years with pronounced high water levels,
however, established plants are set back, and
seedling colonisation is inhibited. Accordingly,
species that are able to regenerate vegetatively
are better adapted to such fluctuations (Ericson
& Wallentinus, 1979).

Ericson (1981) summarised the important fac-
tors that control the vegetational gradient on
seashores: (1) shore slope, (2) interspecific com-
petition, (3) substrate and (4) influence of fresh-
water versus salinity. Salinity shows striking
seasonal variation, with low values in spring and
early summer, owing to the influx of fresh sur-
face water. The effect of salinity decreases up-
wards on the shore. Moreover, biotic factors
such as (5) distance to seed source and (6)
species composition of seed source (Schwank,
1981), must be added to complete the picture.

Several of these factors are primarily related
to the exposure, i.e. the relative location in the
archipelago and the aspect of a specific shore
relative to prevailing winds and fetch (¢f. van
Cleve & Viereck, 1981). Ericson & Wallentinus
(1979) pointed out the existence of a gradient,
from the outermost to the innermost archi-
pelago, expressed by decreases in salinity, degree
of wave-action and duration of sunshine, and
increases in amount of sedimentation, duration
and thickness of ice cover and amount of pre-
cipitation. This salinity-exposure-climate gradi-
ent influences the vegetation on the shores. For
example, vernal species tend to disappear sea-
wards, and extensive birch woodlands tend to
occur in the outer archipelago (Ericson &
Wallentinus, 1979).

The more exposed the shoreline, the more
influenced is the vegetation sequence by factors
related to the salinity-exposure-climate gradient.
As islands and peninsulas continue to rise sea-
wards through time, however, the exposure of a
specific shore may decrease because of increas-
ing relative shelter. This may modify the suc-
cession by causing a deviation or maintain a
continuous divergence in the pathway, and in-
terfere in the chronosequence by improving
seedling establishment conditions on lower sea-
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shore levels (Svensson, in press). Improved seed-
ling establishment conditions include both
improved intrinsic abiotic stability and matu-
ration, and improved biotic conditions, such as
decreased distance to allogenic seed sources and
increased autogenic seed source.

As the archipelago develops as a result of
postglacial land uplift, establishment conditions
on a specific shoreline may have improved sub-
stantially on lower shore levels compared to
higher shore levels; this allows plants to estab-
lish at successively lower levels (Fig. 5). Such
effects will become clear within a time-span of
two to three centuries, which is equivalent to
the development of a climax-like Norway spruce
forest from the initiation of succession
(Svensson, 1998; Svensson & Jeglum, in press).
Hence, the influence of multiple successional
pathways (cf. Fastie, 1995; Helm & Collins,
1997), as well as disruptions in the presumed
chronosequence, should be taken into consider-
ation at any specific location.

Ecological gradients

Seashores often show an obvious vegetational
gradient, owing to edaphic and climatic con-
ditions. The littoral can be divided into the fol-
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Fig. 5. Initiation-, maturity- and senescence-level above
normal sea level for Picea abies (@), Alnus incana (O)
and Sorbus aucuparia (W), relative to highest water level
(dashed line), inferred from jetsam on the shore and
adjusted according to sea-level records from the Ratan
hydrological station (64°00'N, 20°55'E) for 1968. Sample
from 12 sites in the Vistra Kvarken Archipelago, ar-
ranged from low to high exposure (after Ericson, 1972).



lowing belts from wetter to drier, according to
Ericson & Wallentinus (1979): (1) sublittoral,
the permanently submerged belt; (2) eulittoral,
the amphibious area between the extreme high
and low water levels; and (3) epilittoral, the
terrestial belt which never is submerged. The
eulittoral can be further divided into: (24) geo-
littoral, above the mean water level; and (2b)
hydrolittoral, below the mean water level (Fig. 2
illustrates belts 2 and 3).

Ericsson & Wallentinus (1979) prefer the term
‘ecological gradient’, instead of ‘zonation’, since
the vegetation belt undergoes spatial displace-
ment. They defined the following stages of com-
munities along the gradient of decreasing
moisture (roughly): (1) aquatic vegetation, (2)
epilithic algal vegetation, (3) vegetation on soft
bottoms, (4) vegetation on fine-grained shores,
(4a) exposed shores subject to wave action, and
(4b) sheltered shores, (5) saline vegetation; (6)
vegetation of shore drift, (6a) spring flood drift,
(6b) early autumn drift, and (6¢) late autumn—
winter drift, (7) vegetation of coastal sand de-
posits, (8) lichen vegetation, (9) deciduous veg-
etation and (10) conifer vegetation. The diversity
of habitats provides a high species diversity.
Schwank (1981) found, e.g., 130 vascular plant
species in the Larsmo Archipelago of NE
Finland.

The vegetational gradient for a rather
sheltered bay (Sorfjarden 63°49'N, 20°41'E)
exhibited a marked salinity gradient (2.8 to
3.9%eo for the off-shore water) and a development
towards more sheltered conditions (Ericson,
1980): Chara aspera—Potamogeton filiformis—
Scirpus tabernaemontani, Eleocharis uniglumis,
Deschampsia  bottnica, Agrostis  stolonifera
var. bottnica—Calamagrostis neglecta, Juncus
gerardi-Carex nigra, Carex pulchella, Molinia
caerulea—Filipendula ulmaria—Rubus arcticus,
Myrica gale, Alnus incana—Agrostis tenuis, Alnus
incana. The initial occurrence of some woody
species was reported: Betula pubescens, mean
water level +20 cm; Myrica gale, Salix phylici-
folia, S. pentandra, +25cm; Alnus incana,
+30 cm; Picea abies, +40 cm; Sorbus aucuparia,
+45cm.

Schwank (1981) gave quite different values
for initial establishment of A. incana (mean
water level +50 cm) and P. abies (+ 120 cm) for
the Larsmo Archipelago, NE Finland. Verwijst
& Cramer (1985) showed that P. abies estab-
lishes at ca. 100 cm, 50 cm and 70 cm for ex-

posed, intermediate and sheltered locations,
respectively, for a central Swedish seashore.
Ericson (1972) reported on increasing level of
initial establishment of P. abies (+35 to
+110 cm) on a sequence of 12 sites from low to
high exposure in Vistra Kvarken (Fig. 5).
Plants that inhabit the upper geolittoral and
landwards, i.e. mostly long-lived herbs, eri-
caceous shrubs and woody species, are influ-
enced by water-level fluctuations only to a slight
extent, and the importance of vegetative growth
also diminishes (Ericson, 1980). At this level,
however, exposure is still a key factor influenc-
ing the vegetational gradient, but the salinity
gradient is not as important (¢f. Ericson, 1981).
Thus, in the upper geolittoral and landwards,
the rate of downward spread roughly coincides
with the actual land uplift (Ericson, 1980).

Ecology of the main woody species

Not many woody species are present in the
coastal area of Vistra Kvarken. Alnus glutinosa
has reached its northern limit, and occurs only
as scattered trees on the outermost, exposed
headlands or on river floodplains. Instead, Alnus
incana forms extensive, continuous thickets in
the upper geolittoral and lower epilittoral (e.g.
Pekkari, 1957; Appelroth, 1981) (Fig.2).
Svenonius (1945) observed; partly in contrast to
this, that A. incana occurred in the eulittoral but
not in the epilittoral. 4. incana does not nor-
mally grow taller than 8-10 m at most, and
individual trees usually die off at an early age —
ca. 45 years of age, according to Schwank
(1981). Ericsson & Wallentinus (1979) pointed
out that A. incana readily coppices, but is unable
to reproduce by seed. By comparison, Cramer
(1985) observed that A. glutinosa regenerates
from seed seawards and vegetatively landwards.
At exposed locations in the the Vistra Kvarken
Archipelago the ground-moraine shores are
strongly wave-washed, and boulders and stones
dominate the substrate. A humus layer is usually
absent. Here, A. incana is normally prevented
from forming a dense, clonal thicket, which
allows other tree species, such as Sorbus aucupa-
ria and Betula pubescens, to establish and some-
times to dominate.

S. aucuparia is very desirable to browsing elk
and roe deer. Since populations of elk and roe
deer presently are high, they have a large impact
on the abundance and distribution of S. aucupa-
ria. Skye (1965) observed that S. aucuparia ap-
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pears to be very tolerant to high exposure, hence
normally prevails in the outermost archipelago
(Fig. 5) and on relatively small and isolated
islands.

On more sheltered shores, A. incana is fringed
by Salix phylicifolia thickets, sometimes mixed
with S. pentandra and other Salix spp on the
seaward side, and with Betula pubescens on the
landward side. Salix spp, Myrica gale and Betula
nana, are usually the first woody colonisers on
the shores (Fig. 2).

Betula pubescens and S. aucuparia sometimes
form an intermediate stage between A. incana
and Picea abies (Fig. 2 and 5). Betula pendula is
sometimes also present. Extensive birch wood-
lands tend to occur in the outer archipelago. It
has been suggested that birch is dominant owing
to better tolerance of extreme coastal climatic
conditions (high exposure), compared to pine
and spruce (Ericson & Wallentinus, 1979), but
past agricultural management towards im-
proved grazing and hay-making, and more
effective dispersal of lighter birch seeds, are
probably also part of the explanation.

Hippophaé rhamnoides is an early pioneer
species that occasionally forms quite extensive
but usually low-grown thickets (a few decimetres
tall) in the upper hydrolittoral and lower geo-
littoral, in front of the A. incana border (e.g.
Enkola, 1940; Salo, 1989; see Fig. 3). H. rhamno-
ides is, together with Alnus spp. and Myrica gale,
a nitrogen-fixing species. Verwijst & Cramer
(1985) found for a Central Swedish seashore
that the establishment rate of H. rhamnoides
coincides with the rate of seashore displacement.
It has been suggested by Schwank (1981) that
past agricultural management — grazing and
hay-making — favoured H. rhamnoides over A.
incana and P. abies. The stage used for this
purpose was the nitrogen-enriched landward
side of the alder fringe, which was converted
into a quite extensive and rich meadow with
scattered trees. In undisturbed conditions, how-
ever, H. rhamnoides is unable to compete suc-
cessfully with A. incana. Closed thickets begin
to degenerate at relatively young ages, giving
space at their centres to herbs or larger woody
plants. Several factors may contribute to the
degeneration. Vouristo & Rousi (1976) sug-
gested fungal infection, excessive water (palud-
ification), mechanical effects of ice, and browsing
as possible mechanisms. From Norra Kvarken
and northwards, extensive H. rhamnoides thick-
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ets can only be found on the outermost, strongly
wave-washed, and exposed south-facing shores,
where A. incana colonisation is delayed.
However, Vouristo & Rousi (1976) observed
that H. rhamnoides does not inhabit bare granite
rocks, but rather shallow shores consisting of
pebbles, moraine or finer material. Dispersal by
birds explains the common occurrence of
H. rhamnoides and S. aucuparia in isolated
localities.

Juniperus communis occurs scattered along
the coast. It usually enters the succession just
seawards of the A. incana border, but fails to
stand the competition of other woody plants
landwards. In places, where domestic grazing or
hay-making in the past has been of major impor-
tance and duration, rather large and tall thickets
have developed and are able to persist.

Pinus sylvestris usually occurs in more open
conditions or on less fertile and dry parent mate-
rial, or both (Schwank, 1981), with shallow soil
cover. Skye (1965) observed that P. sylvestris
tends to be more sensitive to high exposure, i.e.
wind, than Picea abies.

Picea abies initially establishes above the
highest water level, at ca. 0.6-0.7 m above
normal sea level in the Vistra Kvarken area.
On steeply-sloping shores, the transition from
alder to spruce generally is sudden, but on
gently-sloping shores a prolonged mixed tran-
sitional zone can occur (¢f. Svenonius, 1945),
usually with Sorbus aucuparia and Betula spp
intermixed (Fig. 2; Plates 1 and 2). P. abies tends
to colonise gradually. This can probably be ex-
plained to a large extent by the coincidence
between a good seed crop and good establish-
ment conditions — mainly low water levels and
absence of late-summer frost (¢f. Ericson &
Wallentinus, 1979; Ericson, 1980 and 1981).
Several other factors influence when and where
P. abies invades, such as N availability, soil
moisture, ice drifting (mechanical), and low sal-
inity (Ericson & Wallentinus, 1979). However,
our present knowledge of how different factors
influence establishment is still fragmentary
(Ericson, 1980).

The initial colonisation of recently emerged
islands by P. abies depends on long-distance
dispersal of seeds by wind. The distance to the
seed source and the prevailing wind direction
are of the utmost importance. Several studies,
for example by Hesselman (1919) on P. abies in



Plate 1. Osterstgrundet peninsula, Véstra Kvarken. Exposed location. The transition along the ecological gradient is
gradual, from an early open stage (graminoid and sedge dominated), through a primary forested stage (alder
dominated), to a secondary forested stage (spruce dominated). Photo J.K. Jeglum, May 1998.

NE Sweden and by Ritchie & MacDonald
(1986) on P. glauca in central Canada, have
revealed that conifer seeds can be dispersed over
distances of several kilometres when the surface
is frozen or snow-covered. P. abies normally
regenerates from seed, but clonal regeneration
by layering also occurs.

Structure and dynamics of
coastal Norway spruce forests

Norway spruce forest development

When Norway spruce eventually becomes the
dominant tree species on an island in the
Bothnian Archipelago, it might be expected that
regeneration would largely be by seeding from
mature trees on that island. There is, however,
a considerable delay between the time at which
spruce initially becomes established, and the de-
velopment of cones and subsequent autochthon-
ous regeneration. Lindgren, Ekberg & Eriksson
(1977) concluded that the juvenile period of

Norway spruce may sometimes last 40-50 years.
One might expect, however, that the maritime
conditions along the coast would reduce the
interval substantially. The extension of the time-
lag between initial establishment and prevailing
autochthonous regeneration, compared to al-
lochthonous seed immigration, and its varia-
bility owing to exposure, island size and distance
to seed source, are key questions to address for
understanding the primary succession and
dynamics of Norway spruce.

Owing to the cyclic nature of cone production
by Norway spruce, large cone crops and seedfall
occur irregularly (e.g. Tirén, 1935; Andersson,
1965). In the boreal zone of northern Sweden,
large cone crops occur at variable intervals of
two to three years and up to 12-13 years
(Sarvas, 1968; Koski & Tallgvist, 1978; Leikola,
Raulo & Pukkala, 1982; Wennstrom, 1994).
Heavy cone crops are stimulated by the occur-
rence of one or two warm and dry summers;
thus low temperature is a limiting factor for
flowering in the northern parts of the range of
spruce (e.g. Tirén, 1935). A good seed year is
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Plate 2. Bay of Mittifjirden, Vistra Kvarken. Intermediate exposed location. The transition from the primary forested
to the secondary forested stage is sudden, associated with a rapid decline of alder, considerable amounts of dead
wood and large amounts of spruce seedlings and saplings. Photo J.K. Jeglum, May 1998.

usually followed by several poor seed years
(Leikola et al., 1982). This can be ascribed to
the morphology of the shoot system of spruce,
whereby prolific flowering reduces the number
of buds capable of vegetative development, and
subsequently the ability to initiate floral primor-
dia (e.g. Sarvas, 1968; Eriksson, Lindgren &
Werner, 1975). Factors such as tree age and size,
crown exposure and edaphic conditions also
affect the periodicity of cone and seed pro-
duction (Lindgren et al., 1977).

Seed germination and seedling establishment
of Norway spruce are influenced by many fac-
tors, from intrinsic seed quality to seed—seed-
ling—seedbed relationships and environmental
factors (e.g. Yli-Vakkuri, 1961; Ohlson &
Zackrisson, 1992; Zackrisson & Nilsson, 1992;
Wennstréom, 1994, 1995; Steijlen, Nilsson &
Zackrisson, 1995). According to viability predic-
tions for spruce seed by Wennstrom (1994,
1995), very high viability of Norway spruce
seeds is to be expected in coastal areas, even at
high latitudes.
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Depending on a range of factors — island size,
isolation, exposure, seed crop, water level, etc.,
— the sequence of spruce succession towards
dominance and forest maturation may vary sub-
stantially in space and time, from slow-growing,
sparsely stocked stands with abundant layering
regeneration and late maturation, to fast-
growing, dense stands with severe self-thinning
and early maturation. Hypothetically, a time
difference of a century and more between these
two extremes may be expected. Eventually, over
time and in the absence of disturbances, a
climax-like Norway spruce forest develops.
The route (or routes) by which this stage is
reached is, however, still largely unknown (e.g.
Ericson & Wallentinus, 1979; Ericson, 1980).
Nonetheless, a great amount of knowledge has
accumulated on the outline of the natural dy-
namics of Norway spruce forests; this is also
applicable to the dynamics and structural devel-
opment of the climax-like, coastal spruce forest.
It is generally agreed that the ecology and dy-
namics of extensive areas of natural Norway



spruce forest are driven by small-scale disturb-
ance (e.g. Kuuluvainen et al., 1998) and not by
periodic and large-scale disturbances.

Norway spruce patch dynamics

The concept of gap dynamics (e.g. Doyle, 1981;
Pickett & White, 1985) or patch dynamics
(Hytteborn & Packham, 1987, Hytteborn,
Packham & Verwijst, 1987; Quinghong &
Hytteborn, 1991), i.e. autogenic succession, in
climax or climax-like forests, can be character-
ised as ‘a steady state of repeated short-term
cyclic variations in the composition of small
patches of vegetation around a mean com-
munity condition’ (Kimmins, 1997). The con-
cept mainly derives from the classic paper by
Watt, ‘Pattern and process in the plant com-
munity’ (Watt, 1947). Watt concluded that a
fundamental requirement for understanding the
ecology of plant communities is to move away
from individual plants to aggregates of individ-
uals and of species, which form different kinds
of patch. The orderly tendency of a community
is a result of the persistence of the patchy pat-
tern. ‘But there are also departures from this
inherent tendency to orderliness caused by for-
tuitous obstacles to the normal time sequence’.
And Watt continues, ‘At any given time, there-
fore, structure is the resultant of causes which
make for order and those that tend to upset it’.

The regeneration dynamics of Norway spruce
forests has been widely studied (e.g. Sirén, 1948,

1955; Kielland-Lund, 1963; Steijlen &
Zackrisson, 1987; Junttila & Skaret, 1990;
Lundqvist, 1991, 1994; Hofgaard, 1993a.b;

Zackrisson, Nilsson, Steijlen & Hornberg, 1995).
Owing to their moderate shade tolerance,
Norway spruce seedlings can develop under
shade, but grow better in openings and gaps.
Because of this, in the absence of tending and
thinning, spruce forests tend to develop
naturally into all-sized, all-aged, multi-layered
forests (e.g. Liahde, Laiho, Norokorpi &
Saksa, 1992; Norokorpi, 1992).

Typically, the size distribution of individuals
in a natural, late-successional forest forms a re-
verse-J shaped curve, i.e. a Poisson or negative
exponential distribution (Greig-Smith, 1964; see
Fig. 6). The literature supporting this view is
extensive: e.g. for Norway spruce, Sirén (1955);
Hytteborn et al. (1987); Leemans & Prentice
(1987); Lahde et al. (1991); and Lundqvist
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Fig. 6. An example of reverse-J distribution of Norway
spruce height (A) and diameter (B). The sample is from
an undisturbed, old-growth Norway spruce forest on an
island in the Bay of Sérfjarden (63°49'N, 20°41'E), the
Vistra Kvarken Archipelago, expressed as number ha™*
for live, declining and recently dead spruce (n=904)
(from Svensson & Jeglum, in press).

(1993), and for other species, e.g. Newton &
Smith (1988) for Black spruce (Picea mariana)
and Balsam fir (Abies balsamea); Battles,
Johnson, Siccama, Friedland & Miller (1992)
for Red spruce (Picea rubens); O’'Hara (1996,
1998) for Ponderosa pine (Pinus ponderosa);
McCarthy & Bailey (1996) for mixed hardwood
forest (Quercus rubra, etc.); and Goodburn &
Lorimer (1999) for northern hardwood forests
(Acer saccharum, etc.).

Sirén (1955) concluded that undisturbed
Norway spruce stands in northern Finland go
through repeated cycles of build-up and destruc-
tion, and display a multi-storied, reverse-
J shaped structure only during parts of this
cycle. More recent studies (¢f. Lundqvist, 1993)
revealed that this structure can be maintained
for extended periods. Hornberg et al. (1995)
claimed that the reverse-J shaped structure is a
climax structure, which is an effect of a stable
balance between recruitment and mortality.

Owing to intense competition for light, suc-
cessful Norway spruce regeneration requires
canopy gaps. Lundqvist (1994) argued that the
mortality of seedlings less than 0.1 m tall is very
high in uneven-sized forests where the foliage is
well distributed vertically, as a result of light
competition. Small-scale disturbances, caused
mainly by the fall of single trees, make it possible
for younger and suppressed trees to develop
(e.g. Hytteborn & Packham, 1987, Skarpe,
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Hytteborn & Cramer, 1989). Skarpe et al. (1989)
re-analysed a transect in a 250-300 year old
coastal spruce forest studied by Sernander 50
years earlier. They concluded that the spruce
age structure was determined not by the original
primary succession following land uplift, but
rather by gap-phase regeneration in windfall
openings created in 1830 and 1885.

The aggregation of saplings and sub-canopy
trees is a normal structural pattern in natural
Norway spruce forests (Leemans, 1991). The
fallen and decomposing logs and root plates
form suitable establishment microsites for natu-
ral regeneration (eg. Hofgaard, 1993a,b;
Kuuluvainen, 1994; Linder, 1998). Because of
competition above- and belowground, seedlings
are unable to establish outside the gap (Watt,
1947). Watt used the metaphor ‘microcosm’ to
describe the gap, from which the seedling is
‘.. unable to spread, but it may develop.” The
ability of species to reproduce under their own
canopy is a feature of a climax community (e.g.
Hoérnberg et al., 1995), where gap disturbances
contribute to the structural, functional, and
species diversity (Kuuluvainen, 1994).

Structure and the relative maturity of
forests

A classification is an abstraction of reality into
a limited number of diagnostic characteristics
(Zonneveld, 1988a), a tool for understanding the
processes presently prevailing and for determin-
ing the possible pathway of future change.
Classical classifications of plant communities
are based on their structure, their floristic com-
position, or a combination of structural and
floristic systems (Kiichler, 1988). An ‘accurate
enough’ classification of structure at a specific
stage of ecosystem development forms the basis
for all process-related ecological analysis
(Kiichler & Zonneveld, 1988), and the sub-
sequent potential for forestry practice (Moeur,
1993).

A major challenge has been — and still is — to
provide guidelines for such ‘accurate enough’
classifications. One such guideline has to do
with the approach to structural attributes in a
forest. The structure of a forest can be character-
ised by several attributes, e.g. horizontal spacing,
vertical stratification, size, age, and species.
Independent of the attribute or attributes used,
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a structural classification is a characterisation
of potential ecological diversity and accordingly
an indicator of ecosystem viability (cf
Magurran, 1988). According to Norokorpi et al.
(1997), natural stands show a spatial arrange-
ment of the trees that is variable both vertically
and horizontally. Furthermore, they argued that
the stock of trees in a forest plays a central role
in the formation of habitats and thus for the
biodiversity of the ecosystem. They concluded
that natural stands are very close to fulfilling
the best requirements of biodiversity.

The spatial (three-dimensional) structure of
forests has long been a focus of interest for
ecologists (cf. Moeur, 1993). Richards et al.
(1939), for instance, argued that vegetation pri-
marily should be characterised by its own fea-
tures. Smith (1972) concluded that spatial
heterogeneity tends to reduce the intensity of
competition and thus have a stabilising effect
on the ecosystem. He argued that both stability
and diversity are primarily products of spatial
heterogeneity: ‘The patterns of change in stand
structure are simply the result of interactions of
plants and are emergent properties of tree inter-
action’ (Oliver & Larson, 1990). The structural
complexity of forests often seems to be a good
predictor of overall species diversity (Begon,
Harper & Townsend, 1986). Leps (1990) and
Smith (1972) argued, however, that pattern
analysis serves mainly to suggest hypotheses
about underlying mechanisms; mechanisms can
be suggested, but not tested, by pattern analysis.

A current concept is that spatial analysis,
based on structural stratification in vertical
layers, and density within strata, have signifi-
cance for ecological interpretations of forest dy-
namics (Zonneveld, 1988b; Moeur, 1993; Parker,
1995; Kuuluvainen, Penttinen, Leinonen &
Nygren, 1996). Moeur (1993) concluded that
analysis of spatial patterns within and between
groups of trees allows reconstruction of past
stand structure and interpretations of ecological
processes. Especially in a heterogeneous forest,
the spatial vegetation structure and the distri-
bution and proportion of free space are of
ultimate importance for an understanding of
the role of competition and internal dynamics
(cf. Richards, 1983; Grime, 1987).

Interest is currently directed towards indices
that encompass three-dimensional forest struc-



tural variability, e.g. the ‘Canopy closure index’
(Lieberman, Lieberman & Peralta, 1989) and
the ‘Dissimilarity coefficient’” (Hagner &
Nyquist, 1998). Of greatest interest is the pos-
sibility to explore the use of indices and classifi-
cations for analysis of spatial change and the
relative maturity of a certain developmental
stage.

An important aspect of spatial change is the
continual recruitment, competition and turn-
over among individual trees. This offers the pos-
sibility to interpret dynamics via successional
stages of tree health, from vigorous living to
dead and decaying. For instance, Maser,
Anderson, Cormack, Williams & Martin (1979)
and Bartels et al. (1985) classified successional
stages of decomposition of conifer logs and
snags into nine and five classes, respectively, and
Rouvinen & Kuuluvainen (1997) emphasised
the role of crown form development and decline
in this sense.

One approach to defining the relative
maturity of a forest is the change in diversity.
The general trend is an immediate increase in
diversity in early seral stages after disturbance,
followed by a decrease as the succession
approaches its later stages (e.g. Jukola-Sulonen,
1983; Ekstam & Forshed, 1992). A further
approach is via the structural development and
the presence of late-stage forest (old-growth) at-
tributes (Kuuluvainen et al., 1998; Leppéniemi,
Hallikainen, Mikola, Puoskari & Sepponen,
1998). Hérnberg et al. (1995), for example, listed
the following old-growth attributes: multi-
layered tree canopy; large amounts of snags;
dead wood and large fallen stems; undisturbed
hydrology; stable moisture conditions; and high
biological diversity.

A functional approach to characterising the
relative maturity of seral stages in a succession
is to look at the processes of carbon seques-
tration and element cycling. Odum (1969) em-
phasised bioenergetics, and suggested that in the
carly stages of succession there was a
Photosynthesis : Respiration ratio > 1, whereas
in later stages the ratio decreased to < 1. The
energy fixed tends to be balanced by the energy
cost of maintenance in the mature (climax) com-
munity. The P/R ratio, he argued, is an excellent
functional index of the relative maturity of the
successional sequence.

Vitousek & Reiners (1975) compared the pat-
tern of change in net ecosystem production
during primary and secondary succession of
terrestial sites. They argued that in the course
of primary succession, initially element output
is relatively high, approximately equal to input.
As net ecosystem production increases to a
maximum, output falls to a minimum, because
elements accumulate in biomass and detritus.
Eventually, productivity levels off and then de-
clines. This is followed by a rise in output rates,
until they approximately equal input. In late
stages of succession, net ecosystem production
approaches zero.

Identified research needs

Terms such as ‘ecosystem biodiversity” and ‘sus-
tainable forestry’ are presently in use worldwide
to describe an emerging paradigm for a new,
adaptive forest management concept (e.g. the
review by O’Hara, 1998). Measures of biodivers-
ity and sustainability must be derived from a
firm knowledge of natural ecosystem processes.
Furthermore, analyses of natural ecological pro-
cesses need to be derived from an identification
and description, in time and space, of a starting
point from which the processes originate; or as
Watt (1947) ended his paper: ‘What I want to
say is what T. S. Eliot said of Shakespeare's
work: we must know all of it in order to know
any of it

From this point of view, the primary suc-
cession of plant communities dominated by
Norway spruce on the rising coastlines along
the Gulf of Bothnia, provides an excellent
opportunity for adding new and important
knowledge about the development of spruce
forests — from original site formation. This
statement is based on the following facts: First,
long-term natural forest seres, undisturbed by
forestry and terminating in a climax-like
Norway spruce forest, can be found (Svensson,
1998; Svensson & Jeglum, in press). Secondly,
the mesic ground-moraine sites are generally
quite productive; a well-stocked, old-growth
spruce forest can develop within a short ecologi-
cal time. Thirdly, the undisturbed successional
sequence, going back to original soil formation,
provides an excellent opportunity for recon-
structing the history of site development.
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Fourthly, the relationship between ground elev-
ation and land-uplift rate facilitates estimates of
ground age and consequently, allows a four-
dimensional study approach. Fifthly, in view of
the extensive anthropogenic influence in boreal
Fennoscandia, the few remaining natural spruce
forests should be recognised and carefully docu-
mented. Even though nature reserves and other
preservation measures are frequent in the coas-
tal areas (e.g. Brakenhielm & Wallin, 1982),
more attention needs to be given to these areas
(Anon., 1994).

Coastal conditions differ substantially from
inland conditions. Thus, in order to understand
the dynamics and succession of seashore plant
communities, the climatic and edaphic factors
must be acknowledged in any rigorous scien-
tific exploration. Consequently, the research
approach should take into account both the
biotic and the abiotic component. The abiotic
conditions influence and direct changes in the
vegetation over time. Attention should be given
both to the main active edaphic and environ-
mental factors, and to how their relative impor-
tance changes over time, ie. with increasing
distance from, and elevation above, sea-level,
and with changes in forest structure. The biotic
component encompasses the succession of veg-
etation along the topographic time-sequence
gradient, and the dynamics of the Norway
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