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Abstract Forest vegetation composition, including

dominant keystone species and floristic diversity, is driven

by natural and anthropogenic disturbances. Disentangling

these complex interactions to identify the role of species

competition, climate and disturbances in boreal forest dy-

namics is challenging. Here, pollen and charcoal data are

used to reconstruct Holocene vegetation and fire history at

the local stand-scale within an old-growth Picea abies

(Norway spruce) forest hollow in southern Finland. The

aim is to reconstruct vegetation history with specific em-

phasis on the mid-Holocene expansion of Picea and the

decline in deciduous species in relation to fire history.

Early-Holocene forest development and vegetation dy-

namics are primarily driven by climatic variations. The

spread of Picea at approximately 5,200 cal BP does not

coincide with local natural or anthropogenic disturbance or

a decline in deciduous species and is consistent with its

regional expansion, suggesting climate as the most likely

control over the late establishment of this taxon. The mid-

Holocene decline in deciduous species corresponds to an

increased fire frequency suggesting a higher anthropogenic

disturbance (also considered as the primary reason for the

loss of floristic diversity in southern Finland). The ‘natural’

fire frequency in this local stand-scale boreal forest is lower

than that observed in the recent past (i.e. the time of sig-

nificant anthropogenic impact), yet the present-day absence

or low frequency of fire remains within the range of natural

variability observed during the early- and mid-Holocene.

Keywords Picea abies � Deciduous species decline �
Anthropogenic disturbance � Natural forest dynamics �
Charcoal � Fire frequency

Introduction

Boreal forest vegetation dynamics are driven by both biotic

(e.g. species competition) and abiotic (e.g. climate) pro-

cesses that are responsible for forest development, com-

position and structure. Understanding the main factors of

vegetation change is important not only for forest conser-

vation and silvicultural management (Birks 1996) but also

for assessing, modelling and forecasting future long-term

variability and forest structure (e.g. Stocks et al. 1998;

Cowling et al. 2001). In addition to natural successional

processes, disturbance has an ambiguous yet significant

role in driving local vegetation dynamics. Subsequently,

forest stands are frequently in a state of disturbance or

recovery due to natural (e.g. fire, storms and pests) and

anthropogenic (e.g. fire, selective cutting and forest man-

agement) drivers often controlling local-scale vegetation

dynamics (Bradshaw 1993).

Fire is considered an important disturbance process

in the circumboreal forest (e.g. Flannigan et al. 1998;

Kasischke and Stocks 2000) and fire regime is driven by a

complex interplay between climate, fuel and anthropogenic

activity (Whitlock et al. 2010). Separating these drivers

is challenging. However, recent attempts to investigate
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northern European fire regimes suggest that early-Holocene

fire is mainly controlled by climate and fuel availability,

while mid- to late-Holocene fire is mostly driven by fuel

type and land-use change (Molinari et al. 2013; Clear et al.

2014). The significance of mid- to late-Holocene anthro-

pogenic fire disturbance is further evident in dendrological

fire scar records (e.g. Zackrisson 1977; Wallenius et al.

2007) which often show very high fire frequencies during

periods of significant human impact followed by active fire

suppression or a cessation of the use of fire as a land

management tool (Wallenius 2011).

The late establishment and mid- to late-Holocene ex-

pansion of Picea in an east to west trajectory across

Fennoscandia (Giesecke and Bennett 2004; Seppä et al.

2009b) led to a stepwise ecosystem transformation and

shift in keystone species. While the cause of this delayed

establishment remains uncertain, a shift in climatic condi-

tion, specifically continentality (Giesecke et al. 2008),

during the early-Holocene, as well as local natural or an-

thropogenic disturbances (e.g. Molinari et al. 2005; Bjune

et al. 2009) appear to have facilitated the spread of Picea.

A change in fire frequency; from a fire prone pine-

dominated forest to a fire free spruce-dominated environ-

ment is concomitant with the spread of Picea (Ohlson et al.

2011; Clear et al. 2014). This reduced fire frequency cre-

ates a positive feedback that, through lack of natural dis-

turbance, further encourages the dominance of Picea (Clear

et al. 2013; Kuosmanen et al. 2014). This in turn causes a

decline in deciduous species and subsequent loss of floristic

and faunal diversity (Lindbladh et al. 2003) and creates a

Picea-dominant forest that becomes more susceptible to

natural disturbance e.g. wind throw and spruce bark beetle

(Ips typographus) disturbance (e.g. Kärvemo and

Schroeder 2010; Griess and Knoke 2011). As a conse-

quence prescribed burning is advocated to induce distur-

bance-related regeneration to enhance floristic and faunal

diversity (Hyvärinen et al. 2009; Halme et al. 2013).

The observed decline in temperate deciduous species

with a consequent decrease of floristic diversity during the

mid- to late-Holocene in Fennoscandia is commonly at-

tributed to an interaction between climate (e.g. Greisman

and Gaillard 2009), species competition, in particularly the

spread of Picea (e.g. Seppä et al. 2009b), and increased or

intensified anthropogenic disturbance (e.g. Lindbladh et al.

2000; Molinari et al. 2005).

Observing Holocene vegetation and disturbance dy-

namics using palaeo-proxies (i.e. pollen and charcoal) al-

lows for the reconstruction of forest succession and

development (including changing keystone species and

stand diversity) and fire history (e.g. Bradshaw and Hannon

1992; Giesecke 2005; Alenius et al. 2008; Ohlson et al.

2011), as well as the identification of the potential causes

and drivers behind the observed vegetational change.

Stand-scale palynology (Jacobson and Bradshaw 1981)

or the analysis of proxies from sediment deposited in forest

hollows, are excellent methods for recording local-scale

environmental change and disturbance dynamics. Pollen

source area is limited, with half of the pollen derived from

the local source area (up to 100 m) and the remaining

pollen originating from the regional pollen sources (An-

dersen 1970; Sugita 1994). Further, macroscopic charcoal

fragments ([300 lm) can reconstruct fire activity with a

high spatial precision (Ohlson and Tryterud 2000; Ohlson

et al. 2006).

The aim of this paper is to explore the expansion of

Picea abies and the mid-Holocene decline in deciduous

species and floristic diversity within a forest hollow in

southern Finland and in particular, establish their rela-

tionships to local fire regime. We hypothesise that changes

in Holocene fire regime are the major drivers of stand

dynamics.

Materials and methods

Study area and sites

Sudenpesä (61�110N; 25�090E), a stand-scale site ap-

proximately 15 m2 in area, was selected for its forest hol-

low characteristics (Jacobson and Bradshaw 1981;

Overballe-Petersen and Bradshaw 2011). Sudenpesä is si-

tuated in the southern boreal vegetation zone (Ahti et al.

1968) of southern Finland (Fig. 1) in the Evo Research

Forest, within the old-growth forest of Sudenpesänkangas.

The mean annual temperature is 4.2 �C with a July mean of

Fig. 1 Location map of Sudenpesä forest hollow in southern Finland
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16.6 �C and a February mean temperature of -7.1 �C
(Pirinen et al. 2012). The mean annual precipitation is

645 mm. The regional bedrock consists of orogenic gran-

itoids covered with till (Palviainen et al. 2009) and the site

is composed of nutrient-rich drained peatland (Kaila et al.

2012). The regional vegetation type is dominated by boreal

Picea and Pinus mixed with Betula, while at present, Su-

denpesä forest is dominated by Picea.

Field and laboratory methods

A sediment core was extracted from the centre of the Su-

denpesä forest hollow in May 2008 using a 50 cm long,

5 cm diameter Russian corer (Jowsey 1966). Sediment

extraction comprised three core sections taken from adja-

cent holes from the surface down with core drives alter-

nated between two core holes to enable a 10 cm overlap. A

total of 145 cm of sediment was extracted from the Su-

denpesä forest hollow. Cores were secured in drain piping

before being transported to the University of Liverpool and

stored below 5 �C prior to sub-sampling. The Sudenpesä

sediment was sub-sampled at 0.5 cm intervals between 145

and 60 cm and at 1 cm intervals between 60 and 35 cm.

Above 35 cm the sediment was poorly compacted, con-

sisting of loose Sphagnum, and attempts to retain sediment

for analysis failed.

Pollen and macroscopic charcoal analysis

Pollen and macroscopic charcoal were analysed from con-

tinuous sub-samples. Pollen preparation followed standard

procedures (Moore et al. 1991) with a minimum of 500 ter-

restrial pollen grains counted per sample and, where possible,

identified to species level following Moore et al. (1991) and

Bennett (1995–2007). The percentage pollen diagram (Fig. 3)

was created using TILIA and TILIA.GRAPH 2011 version

1.5.12 (Grimm 2011). A stratigraphically-constrained cluster

analysis was applied in CONISS on square root transformed

data for selected abundant terrestrial pollen taxa (maximum

frequency[1 %, Grimm 1987).

Macroscopic charcoal preparation involved a known

volume of sediment treated with dilute NaOH to assist with

sediment disaggregation before being sieved at 300 lm.

The sediment residue retained was added to 80 ml of

double distilled water. 20 ml of this suspension was

transferred to a petri dish for analysis. Black brittle crys-

talline particles with angular broken ends were classified as

charcoal (Swain 1973, 1978). Charcoal concentrations

(particles cm-3) and charcoal influx (particles cm-2

year-1) were calculated and graphically displayed using

SigmaPlot version 12.3. Fire frequency estimates were

derived from the charcoal record by assuming that absence

of charcoal over a period separated individual fire events.

As deposition of charcoal is often distributed over several

decades (Higuera et al. 2005), assuming consistent depo-

sitional characteristics, the second sample to record con-

secutive charcoal was taken as the fire year to calculate fire

frequency as described in Clear et al. (2013). The absence

of charcoal from samples in a forest hollow is not un-

common and is a reflection of the local dispersion and

deposition characteristics, Because many of the samples

are free from charcoal fragments, it is assumed that the

background charcoal signal remains low during times of

high charcoal influx and that these peaks in charcoal record

primarily local fire events.

Radiocarbon dating

A total of 9 sub-samples were selected for AMS 14C dating

(Table 1). The sediment exterior was scraped to remove

possible contaminants and the remaining fraction of sedi-

ment between 0.5 and 2 g was dated. 14C measurements

were calibrated and the age-depth calibration curve was

calculated using the Bayesian accumulation model, Bacon

(Blaauw and Christen 2011; Fig. 2).

Statistical analysis

Compositional turnover (Birks 2007; Bjune et al. 2009)

was estimated using detrended canonical correspondence

analysis (DCCA) in CANOCO 4.5 (Ter Braak and Šmi-

lauer 2002). Pollen data (species) were square-root trans-

formed to stabilise variance and age (cal BP) was applied as

the sole constraining variable. Palynological richness

(Birks and Line 1992) was estimated using rarefaction

analysis in R (R Development Core Team 2010). As the

total pollen count varies between samples, estimates of the

number of expected taxa [E(Tn)] were calculated using the

lowest total pollen count as the baseline for comparison of

Table 1 Radiocarbon dating results of AMS bulk sediment dates for

Sudenpesä

Depth (cm) Lab. code 14C age Age (cal BP)

35–36 Hela-1811 Modern 43

55–56 LuS 9884 190 ± 45 438

72–73 Hela-1812 1,665 ± 30 1,517

97–97.5 LuS 9883 3,515 ± 50 3,706

110–111 Hela-1813 1,575 ± 30a Undetermined

121–121.5 LuS 9882 4,580 ± 50 5,295

129.5–130 LuS 9881 6,550 ± 50 7,060

141–141.5 LuS 9880 8,045 ± 55 8,788

143–144 Hela-1814 8,735 ± 50 9,263

a Problematic 14C determination treated as an outlier in the Bayesian

age-depth model
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palynological richness amongst samples. Pollen assem-

blages do not directly reflect vegetation diversity as there is

a nonlinear relationship between pollen-taxa and plant

richness (Odgaard 1999). Palynological richness is used

here as an estimation of floristic diversity and not as an

accurate representation of vegetation communities (e.g.

Goring et al. 2013; Meltsov et al. 2013).

Results

Chronology

The Bayesian derived age-depth curve for Sudenpesä

indicates that the sediment core extends back over

9,500 cal year BP. Initial sediment accumulation is slow

before entering an extended phase of relatively constant

sedimentation (Fig. 2) that continues until the present day.

Radiocarbon analysis returned results of a modern age

from 35 to 36 cm depth. The top 35 cm of Sudenpesä

consisted of unconsolidated, wet Sphagnum with little

sediment available and yielded a poor record of pollen and

no evidence of charcoal. There is uncertainty associated

with the radiocarbon result recorded at 110–111 cm with a

14C date of 1,575 ± 30 BP (Table 1), which appears too

young to fit linearly with the age-depth curve.

Vegetation and disturbance history

The CONISS analysis identified four pollen accumulation

zones (PAZ) defined as SUD 1–4. PAZ SUD-1

(9,600–7,600 cal BP) is representative of the early Holocene

and is dominated by a Pinus–Betula forest stand with a high

abundance of mixed-deciduous trees, shrubs and herbs. PAZ

SUD-2 (7,600–3,100 cal BP) represents the mid-Holocene

and is characterised by a co-dominant Pinus–Betula forest

stand with an increased abundance of Alnus and a high

abundance of mixed-deciduous trees, shrubs and herbs. This

zone is further defined by the onset of the almost continuous

curve of Picea and the mid-Holocene rise in Picea abun-

dance. PAZ SUD-3 (3,100–1,700 cal BP) extends from the

mid- to late-Holocene and is defined by a mixed coniferous

(Picea andPinus), deciduous (Alnus and Betula) forest stand

with declining abundance in vegetation diversity, PAZSUD-

4 (1,700-present day) is representative of the late Holocene

with a variable abundance of mixed coniferous (Picea and

Pinus) and deciduous (Alnus and Betula) species with an

increase in Poaceae.

Fig. 2 Bayesian accumulation

age-depth model (BACON)

output for Sudenpesä based on 9

AMS 14C dates. The BACON

model can identify date

inversions and exclude the

outlier from the age-depth

model
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PAZ SUD-1 (9,600–7,600 cal BP) Early Holocene Pinus–

Betula forest stand

Early Holocene vegetation development at Sudenpesä

consists of a co-dominant Pinus–Betula forest stand

(Fig. 3). An initial high presence of Betula coincides with

the occurrence of Corylus, Populus, Ericaceae and

Cyperaceae. A subsequent rise in Pinus occurs with an

increase in Poaceae. Compositional turnover (Fig. 4a) is

initially high and declines once Pinus abundance increases.

No charcoal is recorded between 9,600 and 8,700 cal BP

indicating an initial absence of fire. Between 8,700 and

7,800 cal BP charcoal presence indicates a regular fire oc-

currence with an average fire return interval of ap-

proximately 230 years (Fig. 5), associated with an increase

in both Betula and Alnus and a decline in Pinus as well in

compositional turnover and palynological richness

(Fig. 4a, b).

PAZ SUD-2 (7,600–3,100 cal BP) Mid-Holocene increase

in Picea abies

PAZ SUD-2 is defined by a diverse mixed coniferous-de-

ciduous forest stand co-dominated by Betula, Pinus and

Alnus with an underlying presence of Corylus, Juniperus,

Populus, Salix, Tilia, Ulmus, Cyperaceae and Poaceae

(Fig. 3). The onset of the almost continuous curve of Picea

begins around 7,600 cal BP. The period between 7,600 and

700 cal BP is characterised by the absence of charcoal,

suggesting a period without fire. Between 7,000 and

5,100 cal BP regular charcoal occurrence indicates a fire

return interval of approximately 330 years (Fig. 5) and

coincides with high floristic diversity (Fig. 3), steady

compositional turnover (Fig. 4a) and variable palynological

richness driven by peaks in charcoal abundance (Fig. 4b).

The expansion of the continuous curve of Picea and

subsequent increase in Poaceae begin at approximately

5,200 cal BP (Fig. 3). The rise in Picea corresponds to a

period of frequent charcoal occurrence with a fire fre-

quency calculation of approximately 150 year intervals

between 5,100 and 4,500 cal BP (Fig. 5). This suggests an

increase in fire activity associated with the local expansion

of Picea. Between 4,500 and 3,500 cal BP charcoal abun-

dance declines, with a fire frequency of approximately

510 year intervals which is lower than any previous

background level of fire activity. During this period rar-

efaction results record variable levels of palynological di-

versity (Fig. 4a) and relatively high levels of compositional

turnover (Fig. 4b) driven by fluctuating pollen abundance

(Fig. 3). Species diversity remains high until ap-

proximately 3,500 cal BP when charcoal abundance indi-

cates a shift in fire frequency to approximately 200 year

intervals (Fig. 5).

PAZ SUD-3 (3,100–1,700 cal BP) mid- to late Holocene

decline in floristic diversity

The mid- to late Holocene PAZ SUD-3 is defined by a

decrease in floristic diversity, underlined by a decline in the

Quercus, Salix, Tilia and Ulmus pollen curves (Fig. 3) and

recorded as a declining trend in the palynological richness

(Fig. 4b). Compositional turnover remains relatively high

(Fig. 4a) and corresponds to peaks in charcoal abundance

(Fig. 4c) which indicate a regular fire frequency of ap-

proximately 200 year intervals (Fig. 5).

PAZ SUD-4 (1,700 cal BP to present day) late-Holocene

boreal forest ecosystem

The late-Holocene PAZ SUD-4 is dominated by a mixed

coniferous (Picea and Pinus) and deciduous (Alnus and

Betula) forest stand with a high abundance of Poaceae

(Fig. 3) which appears to drive compositional turnover

(Fig. 4a). Palynological richness (Fig. 4b) is relatively low.

Charcoal abundance indicates a fire frequency of at ap-

proximately 200 year intervals until 400 cal BP while later

the absence of charcoal suggests a lack of recent fire

(Fig. 5).

Discussion

Climate-driven natural forest succession

During the early Holocene, the retreating margin of the

Weichselian ice sheet reached southern Finland ap-

proximately 13,000 cal BP (Lunkka et al. 2004). The drop

in the Baltic Ice Lake level and land isostatic adjustment

meant that the region was terrestrial by approximately

11,000 cal BP (Johansson et al. 2011). This enabled a suc-

cession of post-glacial vegetation development, initially

with scattered Betula stands and then with Pinus–Betula

forests (Björck and Möller 1987). There is no evidence of

fire documented in Sudenpesä prior to 8,800 cal BP. Natural

fire requires both availability of fuel (biomass) and

favourable climate conditions and, although rapid climate

warming during the early-Holocene led to the deglaciation

of the Weichselian ice sheet (Lundqvist 1986), climate

reconstructions indicate low annual mean temperatures

(Heikkilä and Seppä 2003) and high precipitation levels

(Korhola 1995). It is only once the mixed coniferous-de-

ciduous forest becomes fully established that fuel avail-

ability is substantial enough for the forest to burn. Between

8,800 and 7,700 cal BP there is a rise in fire activity with a

fire frequency of approximately 230 year intervals, most

probably associated with an increase in fuel load and pre-

vailing cool, dry climate conditions (Seppä et al. 2009a;
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Zillén and Snowball 2009). The increase in Betula and the

decline in Pinus observed during this period in Sudenpesä

is also registered in other palaeoecological records at the

local (Bjune et al. 2009) and the regional scale (Giesecke

2005; Alenius et al. 2013), suggesting climate as the con-

trolling factor of vegetation changes in the early Holocene

(Huntley 1990).

The local establishment of Picea abies

The onset of Picea in Sudenpesä begins at approximately

7,600 cal BP. This coincides with an absence of charcoal

suggesting a period without fire between 7,600 and

7,000 cal BP. However, prior to the low-level establishment

of Picea, fires occurred approximately every 230 years.

The stand-scale establishment of Picea has frequently been

linked to local disturbance, most commonly in south-

western Scandinavia where the increase of this species

often coincides with an increase in anthropogenic distur-

bance (e.g. Molinari et al. 2005; Bjune et al. 2009). The

absence of fire, once Picea becomes established, is also

evident elsewhere throughout Fennoscandia where Picea

has the ability to alter the fire regime from a fire prone to a

predominantly fire free environment (e.g. Tallantire 1972;

Ohlson et al. 2011; Clear et al. 2014). However,

distinguishing between whether or not the absence or low

frequency of fire is a driver or consequence of an increased

abundance of Picea remains challenging. In Sudenpesä

during its early establishment, the abundance of Picea is

negligible suggesting that this could not have been the

single cause for the altered local fire regime. The observed

reduction in fire may be a causal factor of Picea estab-

lishment rather than the result of its increased abundance,

indicating that altered climate is the most likely cause for

the decreasing local fire frequency (e.g. Carcaillet et al.

2007; Drobyshev et al. 2012) during the early to mid-

Holocene in Sudenpesä.

The early continuous curve or tail associated with Picea

establishment from approximately 7,600 cal BP is not un-

common and is recorded at local and regional sites

throughout Fennoscandia (see Giesecke and Bennett (2004)

and references therein). However, the question remains;

why does Picea not thrive immediately after becoming

locally established? The lack of fire at Sudenpesä between

7,600 and 7,000 cal BP could have reduced the potential for

Picea to regenerate during the early-Holocene. However

when fire does return to Sudenpesä, at approximately

7,000 cal BP. Picea still does not increase its population

size suggesting that factors other than local scale distur-

bance act as a control over the rise to dominance of Picea

Fig. 3 Pollen and charcoal diagram for Sudenpesä with pollen expressed as a percentage of total pollen count and macroscopic charcoal

fragments ([300 lm) expressed as concentration values (particles cm-3)
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at the stand-scale in southern Finland. Picea is generally a

continental tree species with high summer temperature

requirements and maximum mean coldest month tem-

perature requirements of -1.5 �C (Giesecke 2004). Pre-

cipitation has a strong effect on distribution at low latitudes

and temperature is important at higher latitudes and alti-

tudes (Giesecke 2004). The increase in Picea abundance in

Sudenpesä between approximately 5,500 and 5,000 cal BP

is observed in other southern Finland pollen records (e.g.

Sarmaja-Korjonen 1998; Jauhiainen et al. 2004; Clear et al.

2013). Then the species spreads in a wave-like distribution

across Fennoscandia (Giesecke and Bennett 2004). An in-

dependent climate reconstruction using d18O from lake

Saarikko (Heikkilä et al. 2010) suggests summer tem-

peratures reached a maximum between 6,000 and 5,000 cal

BP indicating that climate was the limiting factor for Picea

establishment in the early to mid-Holocene. This is further

justified by the low abundance of Picea recorded from

approximately 7,600 cal BP. This low presence of Picea

during the early Holocene is also observed in other pollen

records from southern and northern Finland (e.g. Vasari

1962; Tolonen 1967, 1983; Tolonen 1980). The theory that

continentality controls Picea abundance also fits with the

Picea macrofossils found in the Swedish Scandes Moun-

tains (Kullman 2000, 2001) where outposts of Picea

population were present during the early post-glacial pe-

riod approximately 10,000 cal BP. Further, their ability to

thrive locally in the Scandes Mountains between 6,000 and

5,000 cal BP was controlled by a changing climate, most

notably increased continentality (Giesecke and Bennett

2004). It is during this period that climatic conditions be-

came optimal to drive the spread of Picea at a maximum

rate of 250 m year-1 (Bialozyt et al. 2012) in an east–west

trajectory across Fennoscandia (Tallantire 1972; Giesecke

and Bennett 2004; Seppä et al. 2009b). Picea may still be

spreading in southern Sweden and Norway where it is near

its ecological limits (Bradshaw 2007), however the spread

of Picea in southern Sweden is partly anthropogenic dri-

ven, where it is currently planted beyond its climatic range

limits (Bradshaw et al. 2000).

In Sudenpesä the local rise in the abundance of Picea

between 5,100–4,500 cal BP is associated with increased

fire activity with a fire frequency of approximately

150 years. This association is often interpreted as fire dis-

turbance facilitating the local establishment of Picea (e.g.

Molinari et al. 2005). However, in Sudenpesä the increase

of fire occurs after the initial increase in Picea with fire

frequency declining once Picea becomes fully established.

Thus, this is associated with a change in fuel type i.e. an

increase in spruce saplings and their high ability to burn

Fig. 3 continued
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(Tanskanen et al. 2006). It is interesting to note that once

Picea becomes established the fire frequency shifts to the

lowest value recorded in Sudenpesä (approximately

510 years). It is well documented that Picea has the ability

to alter the local microclimate reducing fire ignition po-

tential (Tanskanen et al. 2005) and thus diversifying the

natural fire regime (Ohlson et al. 2011). This is observed in

western Scandinavia where the spread of Picea coincided

with heightened anthropogenic activity around 2,000 cal BP

(Bradshaw and Hannon 1992; Lindbladh et al. 2000).

However, in southern Finland the fire frequency prior to

Picea establishment was already naturally low, suggesting

that fire was not a primary factor in the local establishment

of Picea.

Floristic diversity and disturbance

The mid-Holocene deciduous abundance and diversity

observed in pollen records throughout Fennoscandia (e.g.

Tolonen 1980; Giesecke 2005; Molinari et al. 2005) are

concomitant with the mid-Holocene Thermal Maximum

(HTM), when temperatures were between 1.5 and 3 �C
warmer than today (Seppä and Birks 2001; Heikkilä and

Seppä 2003; Bjune et al. 2004; Antonsson and Seppä 2007;

Bjune and Birks 2008). It is frequently noted that the de-

cline in deciduous abundance is mainly a product of the

mid-Holocene climate cooling and that modern pollen-

climate calibration data sets can be combined with fossil

pollen data to produce Holocene climate reconstructions

through pollen–climate transfer functions (e.g. Seppä et al.

2009a; Bjune et al. 2010). One further explanation for the

mid-Holocene decline in deciduous trees (Tilia in par-

ticular) is species competition driven by the late expansion

of Picea (Seppä et al. 2009a).

The decline in deciduous species abundance and sub-

sequent loss in palynological richness observed in

Fig. 4 a Compositional turnover (standard deviation units), b paly-

nological richness (estimated number of taxa) and c macroscopic

charcoal (particles cm-3) for Sudenpesä forest hollow

Fig. 5 Charcoal influx

(macroscopic particles cm-2

year-1) and selected pollen taxa

with fire frequency estimation
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Sudenpesä begins at approximately 3,500 cal BP. This does

not coincide with an increase in Picea suggesting species

competition was an insignificant factor at this site. The

observed decline in Sudenpesä does coincide with a shift

from a relatively low fire frequency of 510 years to a more

frequent fire interval of approximately 200 years. This

change in fire frequency could be associated with variation

in climate conditions (e.g. Carcaillet et al. 2007; Droby-

shev et al. 2012). However, if we compare Sudenpesä to

published fire frequency records with established

chronologies in southern Finland (e.g. Jauhiainen et al.

2004; Clear et al. 2013), it becomes clear that, indepen-

dently of climate, increased fire activity, probably driven

by anthropogenic activity, contributes to the decline in

deciduous species. This is further supported by ar-

chaeological evidence in the region where by 3,000 cal BP

swidden or slash and burn culture thrived in southern

Finland (Sarmela 1987) and focused on the clearance of

broadleaf trees (Parviainen 1996). The establishment of

permanent agriculture led to population expansion and

anthropogenic disturbance became the strongest driver of

forest compositional change (Reitalu et al. 2013). This has

further been observed elsewhere in Fennoscandia (e.g.

Molinari et al. 2005), where an increase in human use of

fire appears to drive the mid-Holocene decline in deciduous

species and loss of floristic diversity. It can therefore be

proposed that the mid-Holocene decline in deciduous

species in southern Finland is primarily driven by intensi-

fied anthropogenic activity including an increase in the

human use of fire and selective slash and burn practices

that focus on the clearance of deciduous species. Without

this intensified anthropogenic activity, the floristic diversity

may have remained until the present day at suitable loca-

tions. While there may also be a regional decline in de-

ciduous tree species associated with late Holocene climatic

change, anthropogenic disturbance is likely to have been a

significant factor. This is also observed in southern Sweden

(Björse and Bradshaw 1998).

Conclusion

The shifting drivers of vegetation dynamics are presented

for almost 10,000 years of forest compositional change at a

local site in southern Finland. Early-Holocene post-glacial

vegetation development and compositional change is pri-

marily driven by climate variability. The mid-Holocene

expansion of Picea abies occurred independently of local

disturbance and did not initiate a decline in deciduous

species or alter floristic diversity. The almost continuous

curve of low abundance of Picea pollen from approximately

7,600 cal BP suggests a regional presence of Picea with

local, independent climate records supporting a shift in

continentality that favoured spruce expansion from

5,200 cal BP, leading to its further regional spread. The

observed decline in deciduous species from approximately

3,500 cal BP could be climatically driven at Sudenpesä, but

is associated with a shift in fire frequency indicative of

increased human impact and selective slash and burn cul-

tivation. This suggests that the local decline in deciduous

species is at least partly controlled by anthropogenic dis-

turbance. The present day fire frequency observed in

southern Finland is low relative to reconstructions of fire

frequency in the recent past (i.e. the time of significant

human disturbance), but is within the Holocene natural

range of variability when observing fire frequencies during

the early to mid-Holocene. Our initial hypothesis is partially

upheld as changes in fire regime, driven by both climatic

and anthropogenic factors, are closely associated with ma-

jor dynamic episodes such as the loss of deciduous species

and the rise to local dominance of Picea. However

ecosystem modelling must be combined with palaeoeco-

logical observations to further disentangle the major drivers

of vegetation change.
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Heikkilä M, Seppä H (2003) A 11000 year palaeotemperature

reconstruction from the southern boreal zone in Finland. Quat

Sci Rev 22:541–554
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Seppä H, Bjune AE, Telford RJ, Birks HJB, Veski S (2009a) Last

9000 years of temperature variability in Northern Europe. Clim

Past 5:523–535
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