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University of Oulu Graduate School; University of Oulu, Faculty of Science
Acta Univ. Oul. A 778, 2022
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Human actions are considered to cause a severe threat to boreal forest systems. Even though some
influences are noticed to occur with a remarkable time-lag, long-term studies of this topic are still
scarce and partly contradictory. The importance of above-ground and below-ground linkages has
also only recently been emphasized. Yet, boreal forests have potential to be resistant and resilient
to global change. Understanding the impacts of these pressures on various aspects of forest
systems, has scientific and functional value. In this thesis, I have studied natural and altered long-
term dynamics of forest understory vegetation (vascular plants, bryophytes and lichens) on
nutritionally different boreal forests using resurvey data. I have also studied the development of
understory vegetation and soil microbial communities (fungi and bacteria) on a long-term (ca 1500
yrs.) soil primary successional series on land uplift shores. All studied communities changed
remarkably in time, partly naturally by succession, partly due to human influence. Interestingly,
the development of vegetation and soil microbial communities was related to accumulation of
organic matter instead of nutrients on our nutrient limited study system. In herb-rich forests,
temporal changes led to increasing homogeneity in forest understorey communities. This study is
among the first to show that reindeer grazing can regulate vegetation dynamics in boreal, herb-rich
forests by reducing vegetation height and maintaining diversity. Forest management had
surprisingly little influence on the understory vegetation of herb-rich and coniferous forests.
Forest management reduced the accumulation of coarse woody debris. Importantly, forest
management impacts were detectable long time after management, and thus appear as legacy
effects in forest plant community structure and woody debris. The results of this thesis emphasize
the value of long-term studies and involving above-ground and below-ground linkages. When
using larger datasets, taking regional processes into account can be highly useful as can be the use
of diverse response variables for detecting ecologically relevant changes of e.g. lighter forest
management practices.

Keywords: bacteria, coniferous forests, fungi, herb-rich forests, resurvey





Muurinen, Lauralotta, Muutokset pohjoisten metsien aluskasvillisuudessa ja
maaperän mikrobiyhteisöissä vuosikymmenten ja -satojen ajalla. Luontaiset ja
muuttuneet kehityskulut
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 778, 2022
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Ihmistoiminnan on arvioitu heikentävän pohjoisia metsiä osan vaikutuksista ilmetessä pitkien
aikojen kuluttua. Silti pitkäaikaistutkimusta aiheesta on vähän ja tulokset ovat osin ristiriitaisia.
Maaperän ja kasvillisuuden vuorovaikutusten merkitystä metsien toimintaan on vasta alettu
ymmärtää syvällisemmin. Toisaalta metsäkasvillisuuden on arvioitu sietävän muutoksia. Tiedol-
la globaalimuutoksen vaikutuksista metsäyhteisöjen ominaisuuksiin on merkittävää tieteellistä ja
käytännön arvoa. Väitöskirjassani tutkin lehtojen ja kangasmetsien aluskasvillisuuden (putkilo-
kasvit, sammalet ja jäkälät) luontaisia ja muuttuneita pitkän ajan kehityskulkuja uudelleenkartoi-
tusaineistoilla. Tutkin myös kasvillisuuden ja maan mikrobiyhteisöjen (bakteerit ja sienet) kehi-
tystä sukkessiosarjalla. Kaikki tutkimani yhteisöt muuttuivat ajassa ja osa muutoksista liittyi
luontaiseen kehitykseen, osa ihmisvaikutukseen. Mikrobi- ja kasviyhteisöjen vuorovaikutteinen
kehitys kytkeytyi ravinteiden sijaan orgaanisen aineen kertymiseen ravinnerajoitteisissa metsis-
sä. Lehdoissa luontainen kehitys muutti aluskasvillisuuden yhteisöjä ja latvustoa kohti havupuu-
valtaisempaa tilaa, mikä onkin yksi lehtoja uhkaava tekijä. Tämä on ensimmäisiä tutkimuksia,
joka osoittaa porolaidunnuksen säätelevän kasviyhteisöjä boreaalisissa lehtometsissä ylläpitä-
mällä monimuotoisuutta ja lehdoille tyypillistä lajikoostumusta pitämällä kasvillisuuden matala-
na. Metsätaloustoimien vaikutukset ilmenivät yllättävän vähän lehtojen ja havumetsien aluskas-
villisuudessa. Lahopuun määrää metsätalous vähensi voimakkaasti. Tärkeä havainto oli, että
metsänhoitotoimenpiteiden vaikutuksia ilmenee huomattavalla viipeellä. Väitöskirjani tulokset
korostavat pitkäaikaistutkimuksen arvoa sekä maanpäällisten ja -alaisten prosessien huomioi-
mista. Työni tulokset osoittavat, että suurilla aineistoilla alueellisten tekijöiden huomioimisesta
voi olla hyötyjä samoin kuin monipuolisten ekologisten mittareiden käytöstä ekologisesti mer-
kittävien muutosten havaitsemiseksi esimerkiksi tutkittaessa lievempien metsätaloustoimien vai-
kutuksia.

Asiasanat: bakteerit, kangasmetsä, lehto, sienet, uudelleenotanta
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1 Introduction 

”Change is the only constant in life.” A quote from the Greek philosopher Hera-

cleitos, that is profoundly true for ecological systems as well. As species and their 

abundance vary in time, due to individual life histories, communities are also con-

stantly changing (Hubbell, 2001; Vellend, 2010). Several intrinsic and extrinsic fac-

tors lead to changes in ecosystems as well (Fig. 1). However, natural processes or 

external pressures result in different outcomes (Kampichler et al., 2012). This con-

trasts with the view provided by the original theory of forest secondary succession 

(Cajander, 1926; Clements, 1916), in which succession is defined as a series of 

predictable changes, taking place after a stand replacing disturbance, independent 

of the baseline conditions leading to a stable endpoint: an unchanging climax com-

munity. This paradigm has largely prevailed until the early 1970s (Connell & 

Slatyer, 1977; Horn, 1974; Odum, 1969; Tilman, 1985), and its legacies can be seen 

e.g. in the prevalence of clear-cut based forest management. Moreover, understory 

vegetation and belowground microbial communities play a crucial role in ecosys-

tem function in boreal forests and should therefore be taken into account (Bardgett 

& Wardle, 2010), shifting the viewpoint towards a more holistic approach to forests 

as adaptive complex systems (Messier et al., 2015). 

Travis (2003) has called the interaction of climate change and habitat destruc-

tion ”the deadly anthropogenic cocktail”. In addition, human actions cause several 

other threats to ecosystems, such as nitrogen deposition, other atmospheric pollu-

tants and the introduction of alien species. Anthropogenic changes are now taking 

place at faster rate, greater intensity, in different patterns, or broader spatial scales 

than the historic background within which species and systems have hitherto sur-

vived (Noss, 2001). When systems shift outside their historical variability ranges 

(Landres et al., 1999) they may turn into possible novel degraded states from which 

there is no turning back (Trumbore et al., 2015). The drivers may also be additive 

(total negative effects being equal to the sum of individual effects) or synergistic 

(total negative effects boosting one another becoming greater than the sum of indi-

vidual effects) or functioning in unknown or unpredictable ways (Brook et al., 

2008).  

However, boreal forests can also be more resistant and resilient to future 

changes than other systems (Thompson et al., 2009), i.e. capable of remaining un-

changed by disturbance and returning to their initial state following a perturbation 

(Holling, 1973) as they harbour a high number of generalist species that are evolved 

under highly variable disturbance histories and climatic stresses (Kuuluvainen, 
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2002). Therefore, Noss (2001) argues that if pristine forests dominated the land-

scape and climate change were the only threat, there would be little to worry about. 

Unfortunately, managed forests form the largest land-use type globally, covering 

approximately 20% of the ice-free land surface, while forests with minimal human 

use cover approximately 9% (IPCC, 2019). Consequently, the protection of natural-

state ecosystems and restoration are suggested as the main actions in order to adapt 

to and mitigate climate change (IPCC, 2022).  

 

Fig. 1. A schematic presentation summarising the most important community and sys-

tem level dynamics for boreal forests. Boreal forests consist of tightly linked above-

ground and below-ground subsystems. Variation in the number of species and species 

abundance is caused by Vellend’s (2010) four processes. Dispersal connects local com-

munities to metacommunities, forming the regional species pool. Dissimilarity of local 

communities usually increases with distance. The forest systems are affected by these 

intrinsic factors, but also by extrinsic factors, which can be categorized into natural and 

human influenced drivers. Depending on the forest’s resilience and resistance capacity, 

they can either maintain typical communities after perturbations or shift into novel 

states. 
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Boreal forests, forming one of the largest terrestrial biomes and most notable 

carbon sinks (Bonan & Shugart, 1989), are not beyond the influence of the “deadly 

anthropogenic cocktail” (Travis, 2003). Northern areas are estimated to face the 

most intensive warming (IPCC, 2022) and most boreal forests already suffer from 

poor management and land-use practices (Noss, 2001), which may further be rein-

forced, due to an increase in natural disturbance caused by climate warming, as 

well as intensifying use of forests, for example also to meet future bioeconomy 

demands (Kuuluvainen & Gauthier, 2018). Thus, degradation and destruction of 

forests by forest management, together with changes in the climate, are estimated 

to be the most severe threat to boreal forests, and the greatest anthropogenic factor 

altering natural community dynamics (Noss, 2001). Evidence of this is mounting 

from various parts of the taiga region (e.g., Hedwall & Brunet, 2016; Soja et al., 

2007; Sundberg, 2014). 

It is no wonder that understanding the various ways, how global changes affect 

forest ecosystems is one of the major scientific challenges in ecological research of 

21st century (Trumbore et al., 2015), and how to manage forests sustainably is one 

of the key questions in national nature conservation and forest management policies. 

This topic is deeply complex, as global and local drivers interact (Hedwall et al., 

2021) at various temporal and spatial scales. Understanding of the interactions be-

tween above-ground and below-ground biota and their responses to different dis-

turbances and global change is also needed in order to answer these questions 

(Wardle & Jonsson, 2014), as terrestrial ecosystems are recognized to consist of 

tightly linked above-ground and below-ground subsystems that play a crucial role 

in ecosystem functioning (Wardle et al., 2004). Studies of the various aspects of 

these topics are urgently needed in order to better understand the big picture and 

adjust actions.  

Short-term studies provide valuable information on immediate responses that 

may sometimes remain undetected in robust long-term data, but they often fail in 

predicting long-term dynamics and responses to changing conditions (Kapfer et al., 

2012). Therefore, long-term data is fundamental to understanding temporal vege-

tation dynamics and detecting slowly occurring changes such as time lag in com-

munities when reacting to external pressures, as demonstrated e.g. by Verheyen et 

al. (2017). Even though the number of long-term studies has increased rapidly in 

the past few years, they still represent a minority. Long-term monitoring data are 

of special value due to their usual accuracy and orderliness. However, these kinds 

of data are scarce (but see e.g., National Forest Inventory data from Finland and 

Sweden (Fridman et al., 2014) as monitoring is expensive, time consuming and 
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requires commitment and labour. Even though they are observational and indirect, 

two ways to cover decadal time spans efficiently are resurveying historical data 

(Kapfer et al., 2017) and utilizing chronosequences. The general idea in vegetation 

resurveys is to resample the same vegetation plots that have been studied in the past, 

and to compare the different periods, possibly trying to relate the temporal changes 

to some environmental changes. Several successful examples of both vegetation 

resurveys (e.g., Daniëls et al., 2011; Kapfer et al., 2012; Maliniemi et al., 2019; 

Steinbauer et al., 2018) and soil successional gradients (Brown & Jumpponen, 2014; 

Hagenbo et al., 2017; Juottonen et al., 2020; Nylén & Luoto, 2014) exist from var-

ious habitats and they are also utilized in the studies of this thesis. 

1.1 Above-ground and below-ground linkages in boreal forests 

At a large scale, soil edaphic conditions and climatic factors determine the average 

soil decomposition rates (Chen et al., 2015). Yet, local and fine scale factors, like 

dominant vegetation type, are suggested to be more important than regional ones 

(Štursová et al., 2016) refining soil microbial communities resulting in differences 

in soil respiration and carbon accumulation rates (Kuuluvainen, 2002). Boreal for-

est soils are typically podzolized with separate organic and mineral layers and these 

forests are considered as cold-adapted and nutrient (N and / or P) limited, resulting 

in a high soil carbon to nitrogen ratio (C:N) (Hedwall et al., 2017). As fungi tolerate 

low soil pH and fungal mycelia are more effective in breaking up complex com-

pounds, fungal decomposition processes become more important than bacterial 

ones in low pH and high C:N environments (Clemmensen et al., 2015; Sterkenburg 

et al., 2015). A global meta-analysis of several ecosystems exhibits the importance 

of fungal activity on boreal forests by showing that the highest fungi to bacteria 

ratio is in coniferous forests (Fierer et al., 2009). 

The lack of soil disturbance by soil macrofauna in acidic organic matter allows 

growth of dense fungal communities (Sterkenburg et al., 2018). Boreal forest soils 

are characterized by diverse and abundant saprotrophic and mycorrhizal fungal taxa 

(Sterkenburg et al., 2015), with remarkable differences in their carbon (C) prefer-

ence and decomposability of their fungal structures (Clemmensen et al., 2015). 

Therefore, in addition to plant litter derived carbon, a notable amount of boreal 

forest soil C is of fungal origin (Clemmensen et al., 2013). Conifers and evergreen 

dwarf shrubs produce poorly degradable acidic, high polyphenol content litter, 

which enhances organic matter (OM) accumulation and filters soil saprotrophic 

communities that often favour cellulose rich, recently fallen litter (Lindahl et al., 
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2007; Prescott & Grayston, 2013). Some ectomycorrhizal (ECM) fungi are capable 

of degradation of OM, often not as their primary C supply but to mobilize organic 

N (Clemmensen et al., 2013). Therefore, competition between saprotrophic and 

ECM fungi may occur and further reduce decomposition and enhance OM accu-

mulation (Bödeker et al., 2016, Sterkenburg et al., 2018). 

In turn, bacterial communities are highly sensitive to pH (Lladó et al., 2018), 

which is an important environmental constraint for soil bacterial communities in 

boreal forests. Bacteria are more responsible for fast nutrient cycling of labile de-

tritus (Moore et al., 2003). Faster decomposition leads to rapid nutrient turnover, 

increasing productivity and reducing the amount of stored carbon in the soil 

(Bardgett & Wardle, 2010). Decomposition rates are reflected in the above-ground 

community composition, higher rates typically favouring plants with fast and prod-

igal life-strategies and increased competitive interactions (Grime, 1979). These 

conditions are typically met in fertile herb-rich forest types. Naturally productive 

systems often maintain higher species richness, which is considered to stabilise 

them due to the higher probability of the existence of species tolerant to novel con-

ditions (Ives et al., 2000). Productive systems may also respond more strongly to 

external changes, if not able to find an equilibrium (Hubbell, 2001). 

In addition to having an important involvement in ecosystem level C dynamics, 

soil microbes are crucial in aiding the nutrient uptake of plants as plants are often 

nutrient-limited (Bardgett & Wardle, 2010). In boreal forests, associations of trees 

with ECM and the ericaceous understory with ericoid mycorrhizal (ERM) fungi 

(Smith & Read, 2008), both capable of accessing organic forms of N and P (Clem-

mensen et al., 2015), are most important. These fungi also connect plants via my-

corrhizal networks that allow not only resource exchange but also inter-plant com-

munication (Gorzelak et al. 2015), that is still poorly understood. In more fertile 

sites with higher pH, such as deciduous forests with a herbaceous understory, the 

importance of associations with arbuscular mycorrhizal (AM) fungi increases 

(Read, 1989). In contrast to fungi, bacteria are involved only in N-cycling (Baldrian, 

2017). Boreal forests typically harbour hardly any vascular plants capable of N-

fixation via root symbionts, but feather mosses (mainly Pleurozium schreberi) can 

fix remarkable amounts of atmospheric N with their cyanobacterial symbionts 

(DeLuca et al., 2002) emphasizing the importance of both bacteria and non-vascu-

lar plants in forest dynamics.  
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1.2 Natural disturbance dynamics in boreal forests 

Disturbances trigger succession and maintain constant change (Kuuluvainen, 1994) 

and biodiversity (Kuuluvainen, 2002) by preventing dominance of one or few spe-

cies (Roberts & Gilliam, 1995). Disturbance intensities and regimes form mixed 

patterns, operating at different spatial and temporal scales (Angelstam & Kuulu-

vainen, 2004), which leads to various stand histories and successional patterns 

(Kurkowski et al., 2008; Shorohova et al., 2009). Even though succession is typi-

cally studied through the impacts of changes in canopy structure, it is more about 

subtle interplay between the forest canopy, understorey vegetation and soil micro-

biota (Bardgett & Wardle, 2010). Yet, the prevailing paradigm is appropriate, as 

canopy properties have a strong effect on understorey vegetation composition and 

diversity through effects on resource supply and abiotic conditions; especially light 

environment, microclimate and litter properties (Hart & Chen, 2006; Roberts & 

Gilliam, 1995),  

Stand replacing disturbances trigger re-vegetation over large areas and succes-

sion is considered to proceed from young to old forests, before being triggered 

again by the next large, high-intensity disturbance. Forest fires, especially in dry 

pine forests of Fennoscandia (Kuuluvainen, 2002) and North America (Bergeron & 

Fenton, 2012), as well as severe storms, insect outbreaks and fungal diseases can 

cause large scale disturbances (Angelstam & Kuuluvainen, 2004). Low intensity 

disturbances are important in maintaining succession and leading to uneven age 

structure of trees (Kuuluvainen, 1994). They may remove the tree canopy locally 

(e.g. due small fires, wind-throw, and herbivory), or create gaps in the canopy by 

removing a single or a few trees (e.g. due local wind-throw, self-thinning and dis-

eases) (Kuuluvainen, 1994). These gaps can provide a network of suitable patches 

in space and time for light- and nutrient-demanding species (Kuuluvainen, 1994, 

2002). They also may create a continuum of decaying coarse woody debris (CWD), 

which is often lacking in managed forests (Angelstam & Kuuluvainen, 2004). 

1.3 Human impact on forests 

Human impacts can be separated into direct and indirect influences causing stress, 

disturbance or both. One approach to distinguish disturbance and stress is based on 

their impacts instead of causes: disturbances removing the existing biomass (totally 

or partly), and stress reducing biomass production (Grime, 1979). Thus, even 

though the causes and outcomes of stress and disturbance events may sometimes 
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be similar, they function differently and therefore affect community dynamics in 

different ways, at least on a theoretical level (see Fig. 1 and Vellend, 2010). 

1.3.1 Climate change 

Northern areas are estimated to face the most intensive warming, and boreal forests 

are predicted to be highly sensitive to modern climate change (IPCC, 2014) causing 

them to decline in area by 50% (Krankina & Dixon, 1994). Another concern is if 

the microbial metabolic rates will increase, leading boreal forests to turn from net 

sinks to net sources of CO2 (Kirschbaum, 2000; McGuire et al., 2009). Already now, 

warming has been noticed to be twice as strong as in the mid latitudes, happening 

especially during autumn and winter (Cohen et al., 2014), and the magnitude of 

climatic extremes has increased while the interval has decreased (Trenberth, 2012). 

However, boreal forest responses to climate change seem contradictory. There are 

numerous studies showing various aspects of boreal forest ecosystems to be influ-

enced by climate change in different ways (e.g. Hedwall et al., 2021; Soja et al., 

2007). However, there are also several studies showing weak responses (Dan-

neyrolles et al., 2019; Maliniemi et al., 2019; Tonteri et al., 2016). The outcomes 

of soil microbial responses to climate changes also seem contradictory or case spe-

cific (Allison & Treseder, 2011). Therefore, more studies about this topic are re-

quired to understand the probable outcomes and the reasons behind them to get a 

more comprehensive view as a fundament for policy and actions.  

One possible cause for the minor effects is the capacity of the forest canopy to 

buffer the climate impacts on forest understories and maintain its microclimate (De 

Frenne et al., 2019). Also, boreal forest vegetation has some properties, which are 

considered to increase its adaptive capacity and thus stability (Kuuluvainen, 2002), 

as discussed earlier. Soil microbial responses are suggested to largely depend on 

the balance between many other synergistic and antagonistic processes either ac-

celerating or counteracting the effects of increased temperatures and raised CO2 

levels (Allison & Treseder, 2011). They can also depend on the plant photosynthe-

sis responses and changes in vegetation community composition (Bardgett & 

Wardle, 2010). 

1.3.2 Eutrophication by nitrogen input 

Despite the increase in nitrogen oxides (NOx) and reduced inorganic nitrogen (NHx) 

deposition in northern latitudes since the 1860s (Ruoho-Airola et al., 2012), the 
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effects of nitrogen deposition on boreal forests are less prominent (Maaroufi et al., 

2019) compared to those on temperate regions (Reinecke et al., 2014; Verheyen et 

al., 2012). Nevertheless, low annual inputs can accumulate over long time periods, 

leading to time lags in ecosystem responses (De Schrijver et al., 2011) and in-

creased nitrogen levels may accelerate the responses to elevated CO2 levels (Luo 

et al., 2004). It is also worth noting that nitrogen fertilization is a common practice 

in modern forestry, to enhance tree growth on nutrient poor sites (Östlund et al., 

1997). 

Typical vegetation responses to increased nitrogen levels are shifts from dom-

inance of dwarf shrubs to graminoids (Bobbink et al., 2010), and increased vegeta-

tion height (Clark et al., 2019). Corresponding shifts in boreal forest understories 

have been documented (Hedwall et al., 2021; Hedwall & Brunet, 2016) and domi-

nance of sensitive bryophyte and lichen flora is likely to make them highly sensitive 

to eutrophication (Bates, 2002). In terms of soil microbial communities, soil bacte-

rial communities are known to be sensitive to increases in N-levels (Fierer et al., 

2012), and forest fungal communities often respond negatively to both indirect an-

thropogenic N addition and forest fertilization (Marupakula et al., 2021). 

1.3.3 Land use 

Even though some larger areas of boreal forest have remained non-harvested (e.g. 

in Russia) or are only extensively managed (e.g. in Canada), Fennoscandian forests 

are most intensively exploited (Aksenov et al., 2002; Kuuluvainen & Gauthier, 

2018). At a European level, 0.7% of forested area is classified as primary forest, 

and less than half is strictly protected (Sabatini et al., 2018). In Finland and Sweden 

96% of the forests have been harvested at least once during the past two centuries 

(Östlund et al., 1997), and the remaining part occurs as fragmented patches (Löf-

man & Kouki, 2001). Nowadays only 2% of old-growth forests are left in Finland, 

while in the 1700s 33% were left in southern Finland and 50% in northern Finland 

(Myllyntaus & Mattila, 2002). Before the 1600s and the era of tar burning, timber 

and forested land had only little financial value, and forests provided mainly game, 

firewood and building material. Therefore, forests were used to supplement agri-

cultural land with various types of slash-and burn cultivation and the use of forest 

pastures for cattle, especially in eastern, central and northern Finland. The modern, 

intensive forest management started in the 1950s. Since that stands are usually 

thinned once or twice in a rotation period of 60–100 years. This is supplemented 

by other practices such as planting non-local species, fertilization and previously 
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herbicides as well as soil disturbance (Östlund et al., 1997; Siiskonen, 2007), which 

includes mounding, ditching, and draining of wet forest sites. Taking all this into 

account, it can be relatively safely argued that historical methods of forest use could 

be said to resemble natural disturbances. Historical methods such as slash and burn 

cultivation or tar burning did not disturb the soil, had long rotation periods and sites 

were left unmanaged after use. This possibly led to better recovery. Fire and logging 

are known to influence soil properties and microbial communities differently 

(Wardle & Jonsson, 2014) and the severity of soil disturbance has been shown to 

be an important driver altering forest understories (Peltzer et al., 2000). 

Intensive forest management is one of the driving forces for many changes in 

boreal forests, such as altered composition of forest understories (Hedwall et al., 

2019; Sundberg, 2014; Tonteri et al., 2016), increased disturbance frequencies, tim-

ber harvesting replacing natural successional dynamics (Uotila & Kouki, 2005), the 

decline of old forests and the increase of young post-harvest forests lacking natural 

post-disturbance structural legacies (Kuuluvainen & Gauthier, 2018). Intensive for-

estry is the main cause fore severe fragmentation of the forested landscape (Löfman 

& Kouki, 2001) and reduced biological and structural forest biodiversity, including 

variation in tree size and age distributions (Rouvinen & Kuuluvainen, 2005) and 

the amount and quality of CWD (Jonsson & Jonsell, 1999; Paillet et al., 2010). It 

is also the key cause for the lack of natural disturbance-created habitats leading to 

threatening the survival of many fire-adapted and CWD-dependent species 

(Östlund et al., 1997; Rassi et al., 2010). Forest management practices also alter 

below-ground dynamics by favouring bacteria (Wardle, 2002) and saprotrophic 

fungi (Kyaschenko et al., 2017), caused by the increase of easily degradable C 

(Chatterjee et al., 2008) and released competition (Bödeker et al., 2016). ECM 

fungi are negatively affected (Jones et al., 2003), leading to an altered soil microbial 

community composition (Hartmann et al., 2012). 

The use of forests for cattle grazing and forest pastures ended in Finland as late 

as around the 1970s, but since the 1950s more than 99% of the wood-pasture area 

has been lost and the quality of the remaining area has decreased due to lack of use 

(Schulman et al., 2008). Large herbivores are known to have strong impacts on 

vegetation, affecting species assemblages (Pausas & Bond, 2019) as well as favour-

ing traits that decrease susceptibility of plants to grazing e.g. small size and poor 

palatability (Diaz et al., 2007). Herbivores are known to have positive biodiversity 

impacts on traditional low-intensity farming by increasing vascular plant and bry-

ophyte richness on bare ground (Oldén et al., 2016) and creating suitable micro-

habitats for species on special substrates like decaying wood and bare rocks, also 
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maintaining several rare forest bryophyte species (Oldén & Halme 2016). Nowa-

days wild megafauna have been largely replaced by livestock (Hempson et al., 2017) 

that graze mainly non-forested ecosystems or agricultural landscapes. However, in 

many parts of the boreal taiga, reindeer (Eurasia) / caribou (North-America) (Ran-

gifer tarandus) are still herded as free-ranging, semi-domestic animals. Reindeer 

forage in a variety of environments with a seasonally variable diet, favouring mush-

rooms in autumn, lichens in winter and graminoids, forbs and leaves of dwarf 

shrubs, shrubs and deciduous trees during spring and summer (Bråthen & Oksanen, 

2001). Most of the evidence about the impacts of reindeer grazing on vegetation 

comes from tundra- or lichen-dominated vegetation types, where the impacts of 

reindeer seem to depend largely on local conditions, varying management policies 

and grazing histories (Bernes et al., 2015).  
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2 Aims of the study 

The main objective of this thesis was to improve understanding of natural and al-

tered, long-term vegetation dynamics of boreal forests and the possible underlying 

drivers. The thesis consists of three studies, constructed around four main themes. 

The first aim was to describe decadal and centennial changes on boreal forest un-

derstorey vegetation (studies I, II and III) and soil microbial communities (study I). 

For this purpose, I used extremely dry and nutrient poor forests on soil primary 

succession series created by post-glacial land-uplift (study I) and resampled old 

vegetation data of herb-rich (study II) and coniferous forests (study III). I examined 

species assemblages (studies I and III), species diversity (studies I, II and III), com-

munity turnover (study II), and functional community composition (study II). The 

second aim was to distinguish, which of the detected changes related to natural 

dynamics (studies I, II and III), especially succession, and which to human impact 

(studies II and III). Further, the third aim was to determine the impacts of different 

global change drivers on these systems focusing especially on forestry practices 

(studies II and III), but also on climate change (mainly study II, but also III) and 

reindeer husbandry (mainly study II, but also III). As the close associations of veg-

etation and soil microbiota are widely acknowledged, the fourth theme was to em-

ploy this perspective in my thesis (study I).   

I approached these aims through three separate studies, which focused more spe-

cifically on the following study questions: 

a) 1.What are the key abiotic and biotic drivers related to the development of 

vegetation and soil microbial communities on primary successional forests 

(study I)? 

b) 2.Which are the main global change drivers and how do they affect func-

tional community composition, turnover and diversity on boreal herb-rich 

forests (study II)? 

c) 3.What are the long-term impacts of repeated forest thinning on boreal co-

niferous forest understories and accumulation of CWD (study III)? 

I assumed to see notable changes in time in all studied communities, mainly driven 

by forest succession (studies I, II, and III) and development of soil (study I), as all 

communities change in time and succession is a fundamental feature of boreal for-

est dynamics. Considering study I, I assumed changes in pH and nutrient availabil-

ity to relate to the detected community changes. Bacteria are sensitive to decreased 

pH (Lladó et al., 2018), and the amount of nutrients available is suggested to relate 
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to the interlinked changes in development of vegetation and soil fungal communi-

ties (Read, 1989). I also assumed vegetation to influence soil microbial assem-

blages, as development of vegetation tends to filter soil microbial communities to-

wards dominance of symbiotic microbes (Schmidt et al., 2014), and microbial as-

sociations with vegetation are assumed to tighten along the development of vascu-

lar plant communities (Juottonen et al., 2020). For the vegetation communities, I 

assumed canopy development to play a key role in understorey vegetation changes, 

especially in studies II and III, which were carried out in more moist and shaded 

forests than study I.  

I assumed to see clear influence of forest management but not climate change 

on forest understorey vegetation communities in studies II and III, even though 

both variables are estimated to cause severe threats to boreal forest systems (Noss, 

2001). Corresponding studies have shown only weak responses. I assumed forest 

management impacts on vegetation to depend on management intensity in both 

studies, with more severe management leading to stronger responses. The impacts 

could have been mediated partly by the amount of soil disturbance in study II, and 

canopy opening in studies II and III, which I assumed to hinder natural succession. 

In study III, I assumed forest management to decrease the amount of CWD, which 

is known to be influenced even by slight timber extraction (Tikkanen et al., 2014). 

I assumed herb-rich forests to be more sensitive and show stronger responses, partly 

because they occur as patches surrounded by coniferous forest vegetation, partly 

because fertility increases competitive interactions and can lead to higher instability 

(Grime, 1979; Hubbel 2001). I assumed reindeer grazing to have some impacts on 

vegetation. However, the earlier results of herbivory are contradictory and mainly 

mount from other systems e.g. tundra. Therefore, I had only weak expectations that 

the impacts might be negative in these systems as well. 
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3 Materials and methods 

My thesis consists of three independent data sets from northern Finland (Fig 2). 

 

Fig. 2. Maps show the locations for each study site in Finland. Approximate central 

point for each BGD is used for study II. The border of reindeer herding district is shown 

by the purple line, reindeer herding being allowed on the northern side. Photographs 

demonstrate the different forest types studied, dry heath forests in study I, herb-rich 

forests in study II, and mesic heath forests in study III. For study II, sites without (bottom 

right) and with strong human impact (top left) are shown. 

3.1 Study area, data and sampling 

Study I is a case study from the sandy shores of the island Hailuoto (65° 02´ N, 24° 

35´ E), in the Gulf of Bothnia, from an undisturbed soil primary succession gradient 

created by post-glacial land uplift (Alestalo, 1979), characterized by formation of 

extremely dry and nutrient poor forests (Cladina-type forests (CLT) (Cajander, 
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1949) with naturally patchy vegetation structure (Vartiainen, 1980), and soil pod-

zolization development (Starr, 1991). Sampling was based on five transects located 

perpendicular to the shoreline avoiding areas with signs of forestry practices. Tran-

sects were divided into five soil successional stages, based on their elevation above 

sea level, as soil age could be estimated by mean land uplift rate following Alestalo 

(1979): soil age 50 years (stage i), 150 years (ii), 500 years (iii), 1 000 years (iv), 

and 1 500 years (v). Stages iii–v were located in closed-canopy forests. Vegetation 

was sampled in early August 2016 using visual estimation of percentage cover of 

each species, litter, and bare sand. Field and bottom layers were analyzed separately. 

Equal numbers of vegetation plots (4 x 0.25 m2) were located on both patch types 

(dwarf shrub and lichen) inside a circular (radius 10 m) sample plot taking the nat-

ural variation of vegetation into account. Patch was defined as dwarf shrub, if dwarf 

shrubs were clearly present in early stages, and dominant in later stages. In early 

stages lichen patches consisted mainly of open ground as lichens had not formed a 

continuous cover yet. Soil samples ware always taken under lichen cover or shrub 

individuals. Soil samples were collected in October 2016, 15 samples taken from 

both patch types, and the depth of humus and leaching layers were measured, when 

visible. The number of trees inside the plot was counted, and dominant height using 

hypsometer and average diameter on breast height using a tree caliber were meas-

ured to calculate stem volume. 

Study II is based on resurveying sites of an old dataset in 2014–2019, originally 

surveyed by Eero Kaakinen in 1968–1975 (Kaakinen, 1971; 1974; unpublished) to 

identify phytosociological species associations in mature herb-rich forests. I as-

sume that the original survey was conducted in relatively undisturbed sites. This 

data set consists of 245 vegetation sites located along a latitudinal gradient from 

Puolanka (64° 52' N,  27° 40' E) to Kittilä (67° 39' N, 24° 54' E), assigned into five 

biogeographical districts (BGDs). Division was based on Finnish biogeographical 

provinces, with some exceptions to get all sites on BGDs clearly inside or outside 

the reindeer herding area for the data analysis. Field layer species composition was 

estimated inside 5 m x 5 m quadrats nested inside 10 m x 10 m quadrats, from 

which the canopy and shrub layers were estimated. Visually estimated absolute per-

centage cover was used for field, bottom and shrub layers, and relative cover for 

canopy composition. Total canopy cover was also estimated using three categories 

(0–30%, 31–70%, 71–100%). Canopy, field and bottom layers were analyzed sep-

arately.  
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Study III from Kaihuanvaara, Kivalo research area, Rovaniemi (66° 23' N, 26° 

54' E) is a rare example of a case study due to its study setup, resurveying 20 per-

manent 0.1 ha plots, sampled three times (1961, 1968, 2013) and relating changes 

in detailed management history. The former Finnish Forest Research Institute 

(METLA) established this experimental plot setup in 1920 to study the effects of 

various forest thinning practices on tree growth of artificially regenerated Scots 

pine (Pinus sylvestris) after a wildfire (Heikinheimo, 1961, experiment B13 I). The 

study site represents mesic forest vegetation (Hylocomium-Myrtillus-type HMT 

(Cajander, 1949)), that would naturally be dominated by Norway spruce (Picea 

abies).  The first vegetation inventory (1961) was done 8 years after the first thin-

ning (1953), when the forest was 41 years old, and the second inventory (1986) 33 

years after the first thinning, when the forest was 66 years old. The third vegetation 

inventory (2013) was done 60 years after the first (1953), and 27 years after the 

second thinning (1987), when the forest was 93 years old. In both thinnings 16 plots 

were logged and 4 used as controls. Vegetation inventories were done during the 

first weeks of July in 1961 and 2013, and during late July/early August in 1986. 

Vegetation was inventoried as visual percentage cover from 20 semi-permanent 1 

m2 vegetation plots located regularly as a grid inside each permanent 0.1 ha study 

plot. Field and bottom layers were analyzed separately. The number of snags and 

logs (> 10 cm in diameter) was also counted in 2013 and categorized with respect 

to the first three decay stages based on Maser et al. (1979).  

3.2 Specific methods used in studies 

3.2.1 Molecular data and microbial functions (study I)  

For soil microbial communities, molecular data were utilized. During field work, 

the collected soil samples were transported to the laboratory and then stored at -

20°C at the University of Oulu. The soil samples were sieved using a 2 mm sieve 

and freeze-dried for DNA extractions. For fungi, internal transcribed spacer 2 (ITS2) 

and for bacteria 16S regions were amplified from DNA extracted from soil using 

the MoBio Power Soil® DNA isolation kit. Data was sequenced using Ion Torrent 

PGM (Thermo Fisher Scientific) at the Biocenter Oulu Sequencing Centre (Finland) 

and analyzed using the QIIME2 (version 2019.4) platform (Bolyen et al., 2019)  

All sequences under 100 bp were removed from the raw data using Cutadapt 

(Martin, 2011). From fungal data all sequences less than 200 bp and for bacterial 
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data all sequences less than 350 bp were removed after denoising. Taxonomy was 

assigned to fungal and bacterial amplicon sequence variants (ASVs) using pre-

trained naïve Bayes q2-feature-classifiers (Bokulich et al., 2018). The fungal clas-

sifier was trained against the full-length UNITE database (QIIME version 8.0: dy-

namic data; UNITE Community, 2019) and the bacterial classifier was trained 

against the SILVA database (16S gene version 132; Quast et al. 2013) that had been 

trimmed with primers used in the bacterial PCR. Only ASVs with at least phylum 

level match were kept for further analyses. Mitochondrial and chloroplast se-

quences were removed from bacterial data and all samples with less than 100 ASVs 

were removed from both datasets. (Details presented in the Appendix S2 of I).  

Fungal taxa were classified into ectomycorrhizal (ECM), ericoid mycorrhizal 

(ERM), endophytic (ERM fungi excluded), lichenized, saprotrophic and 

pathotrophic fungi using FUNGuild (Nguyen et al. 2016) and verified based on 

recent literature. Of bacteria only N-fixing and low pH associated taxa showing 

interpretable trends were distinguished.  

3.2.2 Vegetation resurveys (study II, III)  

A typical problem with historical datasets is lack of accurate geographic coordi-

nates. Resurvey data can be classified to permanent, semi-permanent or quasi-per-

manent, and non-traceable plots leading to varying degrees of inherent relocation 

error (Kapfer et al., 2017). Permanent plots are most accurate, as the exact location 

is known, and they are used in study III. For semi-permanent plots only approxi-

mate plot location is known, based on historical information. Often historical data 

includes varying quality and quantity of old maps and/or detailed description and 

information of the site: elevation, slope, aspect, description of surrounding vegeta-

tion etc. Low environmental heterogeneity also enhances the possibility of success-

ful relocation (Ross et al., 2010). If these criteria are considered, approximately 

relocated plots do not differ remarkably from precisely relocated ones (Kopecký & 

Macek, 2015). Semi-permanent plots were used in study II, applying all possible 

criteria to minimize relocation error (Kapfer et al., 2017; Verheyen et al., 2018). 

Relocating was done with help of the original surveyor (Eero Kaakinen) and sites 

without detailed descriptions, as well as individual sites far from the others, were 

omitted from the data. Thus, the final number was 245 investigated plots out of an 

original 336. In this case the naturally patchy structure and relatively small patch 

size of herb-rich forest sites, surrounded by homogenous coniferous forests, further 

aided in reducing the relocation error when using several plots clustered on each 
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site, regardless of the relatively high heterogeneity and diversity within herb-rich 

forest patches. Non-traceable plots completely lack information on the plot location 

and should be used very cautiously and only in highly homogenous environments 

(Kapfer et al., 2017).  

Resurvey data also include inherent observer error independent of the plot type. 

In both studies (II, III) the same timing within the season, experienced observers in 

teams of ≥ 2 surveyors and data harmonization to avoid pseudo-turnover, were ap-

plied (Kapfer et al., 2017; Verheyen et al., 2018). For study III, data harmonization, 

included grouping especially bryophytes, lichens and graminoids in collective spe-

cies groups, mainly to genus-level or morpho-groups. Rare species growing on spe-

cial substrates like decaying logs and rocks were also omitted. For the analysis of 

both datasets actual percent cover values were transformed to relative values to 

standardize the data, and in study III square root transformation was used to reduce 

the impact of the highest cover values. 

3.3 Environmental data 

For study I, soil pH, electrical conductivity (EC), total organic matter (OM) content, 

concentration of soluble phosphorus (PO4
-) and ammonium nitrogen (NH4

+) were 

used to describe changes in abiotic conditions. EC and pH were measured follow-

ing Reeuwijk (1986), PO4
- concentration Murphy and Riley (1962), and NH4

+ Page 

et al. (1982) from air-dried and sieved samples. Soil OM was determined by igni-

tion loss after burning the dried soil samples at 500°C for 5 h. Stem volume was 

calculated based on field measurements. 

For study II climate change was modelled using 10-year average vapour pres-

sure deficit (VPD) for summer months from Terra Climate dataset (Abatzoglou et 

al., 2018), calculated from 1961-1970 for the original survey and 2006–2015 for 

the resurvey. During the study period, 10-year average minimum and maximum 

temperatures had increased by 0.6 and 0.8°C, respectively. VDP was highly corre-

lated with the minimum and maximum temperatures of the same data set (correla-

tion of 0.9 and 1.0, respectively). In study III climate change was not actually mod-

elled, but the yearly temperature index was counted as a background variable by 

summing monthly thermal averages above +5°C. This thermal index resembles the 

thermal sum, which is based on daily values and describes the length of thermal 

growing season. During the study period a slight increase in the ten-year average 

thermal index and in the ten-year average annual rainfall since 1980’s was detected 

(Muurinen, 2015). They also had non-significantly increased since the 1980s to the 



34 

2010’s by 50mm (Muurinen, 2015). Climate data for this study was taken from an 

open data service by the Finnish Meteorological Institute using the Sodankylä cli-

matic station, 110km north of Kaihuanvaara. See Supplementary material (Appen-

dix S1 Fig S1.1 and S1.2) for the figures. 

For studies II and III, data on reindeer densities in different reindeer herding 

districts were provided by the Natural Resource Institute Finland. In study II, 10-

year average reindeer densities before both samplings were calculated using the 

same time intervals as for climate data. In general, reindeer densities had increased 

by c. 40% from 1 to 1.4 living reindeer / km2 during the study period. In study III 

the number of living reindeer in the Vanttauskoski reindeer herding district was 

used. During the study period, an increase in number of living reindeer from around 

600 reindeer in the 1970s to over 1 400 reindeer in the 1990s was detected. How-

ever, during the inventories the number was around 800 reindeer in each inventory. 

The number of living reindeer was used as a descriptive background variable, but 

see Supplementary material (Appendix S1 Fig S1.3) for the figures.  

Forest management intensity was accurately known for study III based on his-

torical descriptions (Heikinheimo, 1961), and evaluated for study II following a 

protocol used for the assessment of threatened habitat types in Finland by Kouki et 

al. (2018, p. 180). The original scale of the protocol ranged from 0 to 4, describing 

the habitat quality i.e. absence of forest management, and was therefore inverted 

for this study to describe management intensity. The descriptions of the forest man-

agement classes are presented in the supplementary material of the original publi-

cation (Appendix S2, Table S2.2 of II). We also omitted the one site that belonged 

to class 0. This protocol was used applying a one-out-all-out manner, which means 

that if any of the evaluated variables/properties belonged to the more severe man-

agement class, then the management intensity was given for the plot based on that, 

even if other evaluated variables would have been less influenced. Approx. 70% of 

the plots had some signs of forest management, and the number of plots was rela-

tively evenly distributed among the classes. The management practices had not 

concentrated near the second sampling based on field observations (old stumps, ca. 

30 years old plantations, old ditches etc.). The first logging of the site used in study 

III was carried out in 1953 as an experimental thinning using the following treat-

ment categories: strip harvesting (all trees were cut from strips corresponding to 

30% of the total area of the plot), commercial thinning (all commercially valuable, 

co-dominant and intermediate trees were harvested), heavy thinning (all but domi-

nant trees were removed), light thinning (intermediate trees and understorey trees 

were harvested, additional co-dominant trees were left) and a control treatment (no 
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logging) (Heikinheimo, 1961). The second logging, in 1987, was carried out as a 

commercial thinning using three different harvesting intensities: light (700 

stems/ha remaining), medium (500 stems/ha remaining), heavy (300 stems/ha re-

maining) and a control treatment (no logging) (Archives of Natural Resources In-

stitute Finland, Rovaniemi, Kaihuanvaaran kasvatustiheyskokeet, unpublished 

documentation). The forest was 41 and 66 years old, during the first and second 

forest thinning, respectively. Because of varying purpose and time, it is likely that 

the first treatments have been carried out as lumberjack-work, while the latter log-

ging used forest machinery. 

3.4 Data analysis 

Data analyses were performed in the statistical environment R (version 3.3.3. study 

III, version 3.6.3 study III, and version 4.0.5 study II, (R Core Team, 2019). The 

vegan package (Oksanen et al., 2017) was used for multivariate analysis in study I 

and III, and rethinking package (version 2.11, McElreath, 2016) for Bayesian hier-

archical models in study II.  

Non-metric multidimensional scaling (NMDS) for unconstrained ordinations 

(Kruskal, 1964) and distance-based redundancy analysis (db-RDA) for constrained 

ordinations (McArdle & Anderson, 2001) were used (studies I and III). In db-RDA 

the residuals are subjected to NMDS after constraints. Absolute percentual cover 

data of vegetation were used in study I, and in study III when using data from the 

last inventory. Relative percentual cover data were used in study III considering the 

temporal aspect, and the number of sequences were used in study I for fungi and 

bacteria. Both multivariate analyses were done using Bray-Curtis dissimilarity and 

Wisconsin transformation, where the cover value (or number of reads) is first di-

vided by its maximum, and then all sample plots are divided by their total (Faith et 

al., 1987). This transformation gives the classical Bray-Curtis measure (Yoshioka, 

2008) and avoids the spurious dissimilarities in data, caused by different total abun-

dances (or number of reads) (Warton et al., 2012), and is therefore suitable for se-

quence data as well.  

Impacts of explanatory variables were studied in various ways. In study I, mar-

ginal tests in Permutational Multivariate Analysis of Variance (PERMANOVA, An-

derson, 2005) were used to test significance of factors (i.e. soil age, soil layer and 

patch type) on unconstrained ordinations. Bonferroni-corrected 95% confidence el-

lipses were used (studies I, and III) as a visual aid, helping the interpretation of 

differences in pairwise class means. For the vegetation analysis in study I, principal 
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components analysis was used, and strongly correlated (>0.6) soil variables were 

packed in the PC1-axis. The best set of explanatory variables was chosen using the 

bioenv-procedure (Clarke & Ainsworth, 1993), and model significance was tested 

by Mantel-test (Legendre & Legendre, 2012). In study I, the variables used in db-

RDA were carefully selected to test the independent impact of environmental vari-

ables on fungal and bacterial communities in humus and mineral layers separately. 

A detailed description of this model can be found from the Supplementary material 

of the manuscript (Appendix S1 Fig S3). In contrast, in study III, the final model 

(including harvesting intensity and litter) used in db-RDA was reduced from a full 

model including all environmental variables (i.e. harvesting intensity, basal area of 

pine, proportion of mixed wood, the amount of litter, the number of snags and the 

numbers of logs in each of the three decay stages). In both cases, model significance 

was tested using a randomization test with 999 and 9999 permutations for studies I 

and III, respectively. 

In study II, Bayesian regression modelling was done, increasing the complexity 

of models, including temporal aspect alone in Model 1, temporal and spatial aspects 

in Model 2, and temporal and spatial aspects together with the other explanatory 

variables (i.e. climate change, reindeer densities, canopy SLA, canopy cover and 

management intensity) in Model 3. Turnover was an exception to this, as the impact 

of time could not be estimated since it is inherent in the concept of turnover. To 

study the impacts of forestry, a model was also built without the canopy variables, 

but the results of this did not differ remarkably from Model 3, suggesting that the 

forest management influences were not mediated through the canopy. Finally, 

Model 4 was used to study whether changes in diversity were related to trait com-

position modelling evenness as a function of height using a generalized additive 

model (Wood, 2011). Responses were standardized before the analysis by subtract-

ing the mean and dividing by the standard deviation. All models assumed a Gauss-

ian error distribution and took the random BGD and plot-level effects into account. 

For continuous variables in all models a Normal(0,0.5) and for categorical variables 

a Normal(0,1) prior distribution were given. All standard deviations were given an 

Exponential(1) prior distribution, and temporal correlations in the BGD-level ran-

dom effect were given an LKJ(2) prior. No divergent transitions in any of the Mar-

kov chains in any of the models occurred, which would have indicated unreliable 

estimates of the parameter posterior distributions (Carpenter et al., 2017). In addi-

tion, all parameters converged to a stationary posterior distribution (split chain R-

hat < 1.01). 
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Other main analyses used included General Linear Models for studying the 

impacts of logging on the amount of coarse woody debris (CWD) (study III) with 

quasi-Poisson dispersion parameter, and F-tests in Analysis of Variance (ANOVA), 

and pairwise comparisons were done using Tukey’s Honest Significant Difference 

(TukeyHSD). Species responses to logging treatments were tested using t-tests 

(study III). Multilevel pattern analysis with 999 permutations was used for indicator 

species analysis in study I. This method can also find indicator species from group 

combinations (De Cáceres et al., 2010). 
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4 Results and discussion 

4.1 Changes in communities over time 

In study I, time significantly affected vegetation composition (df=4, F=8.439, 

p<0.001) (study I: Fig. 2). As expected, changes in vegetation were linked to 

changes in pH, EC and OM content (study I: Fig. 2). Stages i and ii, i.e. 50 and 150 

year-old soils (study I), with an open canopy and patchy understorey were charac-

terized by Cladonia-morphotype lichens, acrocarpous mosses (e.g. Polytrichum 

ssp.), and a variety of graminoids and herbs (study I: Fig. 2; Appendix S1 Fig S4). 

According to (Alestalo, 1979) coniferous forests on the dune shores of Hailuoto 

start to form at the earliest as the soil has formed for about 300 years, after emerging 

from the sea. Stages iii, iv, and v, i.e. 500, 1 000 and 1 500 year-old soils (study I), 

with a closed canopy and understorey were dominated by a few dwarf shrubs, Cla-

dina-morphotype lichen species and pleurocarpous mosses (mainly Pleurozium 

schreberi) (study I: Fig. 2; Appendix S1 Fig S4). For vegetation, the most promi-

nent shift in vegetation assemblages and species diversity (study I: Fig. 2; Appendix 

S1 Fig S5) occurred between stages ii and iii. After the canopy closure, changes in 

vegetation were gradual and the dominance shifted from species to another within 

the most abundant plant growth forms (study I: Fig. 2; Appendix S1 Fig S4). Fore-

mostly, Empetrum nigrum ssp. hermaphroditum and Cladina arbuscula decreased 

and were first replaced by Vaccinium vitis-idaea and C. rangiferina, and later by 

Calluna vulgaris and C. stellaris, respectively. However, understorey species as-

semblages significantly differed from one another also on the later stages (study I: 

Fig. 2). 

Time also significantly affected soil fungal (df=4, F=8.308, p<0.001) and soil 

bacterial composition (df=4, F=7.201, p<0.001). Detected temporal changes were 

least distinct for bacteria (Fig. 3b of study I) that are suggested to be regulated by 

local environmental factors such as pH (Tripathi et al., 2018). For both soil micro-

bial communities, the most remarkable difference in community compositions oc-

curred between the stages i and ii, i.e. 50 and 150 year-old soils, and the next nota-

ble difference between stages ii and iii, i.e. 150 and 500 year-old soils. Similar 

asynchrony in the development of soil microbial communities and vegetation is 

noticed by Juottonen et al., (2020). Endophytes, lichenized fungi, pathogens and 

saprobes were emphasized in early succession (study I: Fig. 4a). However, the over-

all trend in species assemblages is likely to be caused by dominance of ERM and 
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ECM fungi, representing nearly two thirds of all fungal sequences. ECM and ERM 

are often the most abundant fungal groups in forest soils (Clemmensen et al., 2015). 

Of ECM and ERM fungi, partly different taxa were associated in the early (e.g. 

Laccaria, Rhizopogon, Thelephora, Suillus and Tomentella) and late succession 

(e.g. Russula, Phellodon, Piloderma and Hydnellum) (study I: Fig. 3a; Appendix 

S1 Table 2). Especially ECM fungi were dominant in closed canopy sites and 

shared the same host, Scots pine, along the succession. Drawing conclusions of 

changes in bacterial assemblages is less evident as nearly all the most abundant 

bacteria were packed close to the centre (study I: Fig. 3b). Especially, low pH -

associated taxa, like Acidobacteria and Actinobacteria (Baldrian et al. 2012), in-

creased during succession while N-fixing taxa were more evenly distributed along 

the successional gradient. Therefore, it is likely that the decrease in soil pH after 

soil podsolization and OM accumulation, strongly filtered bacterial communities, 

reducing their heterogeneity. This trend is consistent with a recent meta-analysis 

(Ortiz-Álvarez et al., 2018). However, the temporal aspect, soil pH, EC and OM 

content are highly correlated, challenging assorting of the impacts of abiotic varia-

bles, as noticed in the constrained ordination analysis (study I: Table 1).  

In study II, species traits were successfully used to characterize changes in 

community composition instead of species identities. Of the studied metrics, only 

LDMC uniformly increased over time without any regional differences (study II: 

Fig. 2), which means an overall change towards slower leaf economics (i.e. slower 

turnover of leaf tissue, and slow functioning of leaves) related to resource poor 

environments and grazing pressure (Díaz et al., 2016). SLA remained relatively 

stable with geographically idiosyncratic changes (study II: Fig. 2). Yet, the changes 

in SLA were more likely to be negative, which is also related to a change towards 

slower leaf economics (Díaz et al., 2016). In contrast, height showed a weak latitu-

dinal trend with slightly uncertain increases (i.e. creditability intervals almost 

above zero) in the south and decreases in the north, leading to no differences in 

average values (study II: Fig. 2). Detected height trends suggested no remarkable 

overall changes in competitive hierarchies in relation to light. However, regionally 

local processes drive the communities in divergent directions, resulting in increased 

and reduced light competition in the south and north, respectively (study II: Fig. 2). 

In study II, also the average turnover was high (study II: Fig. 2), indicating clear 

changes in understorey community compositions. The detected turnover corre-

sponds to an annual turnover rate of 2,2%, which is of the same magnitude as in a 

recent meta-analysis (Blowes et al., 2019). This result is consistent with the theory 
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that local species losses are replaced by species introductions from the meta-

community (Supp & Ernest, 2014). 

In study III, forest understorey communities strongly differed between the years 

with an only negligible effect of forest thinning on the first two study periods (1961, 

1986) (study III: Fig 2). 1961 and 1986 (the forest being 41 and 66 years old, re-

spectively) were close to each other in the direction of the NMDS1-axis, while all 

three years were separated in the direction of the NMDS2-axis (study III: Fig. 2). 

Graminoids, herbs and feathermoss (Pleurozium schreberi) suddenly peaked in 

1986, the trend being similar in both logged and control plots (study III: Fig. 2; Fig. 

4). Feathermoss is not a truly late successional species, in contrast to many other 

bryophytes e.g. Dicranum, Sphagnum and liverworts that tend to increase towards 

later successional stages (Tonteri et al., 2016; Turetsky et al., 2010). Based on the 

vegetation composition and that the majority of the increasing species can be clas-

sified as light or semi-light favoured and the decreasing ones as semi-shade or 

shade adapted (Ellenberg et al. 1991; Tonteri et al. 2016), it is possible that the 

vertical NMDS-axis is related to changes in light availability. Unfortunately, we 

lack exact information of the specific causes behind this response. It could be re-

lated to some disturbance or stress event opening the canopy (such as an insect 

outbreak, storm event or extreme winter with a heavy snow-load) and increasing 

light availability. Moreover, increased nitrogen levels favour Deschampsia flexu-

osa at the expense of dwarf shrubs (Bobbink et al., 2010).  In those days leaving 

logging residue (branches, stumps, treetops) on the stands was a common practice, 

and it may have happened on the 1986 thinning as well, resulting to increased ni-

trogen levels (Palviainen et al., 2004). All in all, the overall change from acrocar-

pous mosses and light-demanding herbs being abundant in the 41 and 61 year-old 

forest sites, and being replaced by dwarf shrubs, liverworts and other shade-tolerant 

vascular plants in 90 year old forests, is in line with previous studies (Hart & Chen, 

2006; Nilsson & Wardle, 2005; Økland, 2000; Uotila & Kouki, 2005) (see study 

III: Fig. 2; Fig. 4). 

4.1.1 Diversity trends 

In study I, the species richness in open canopy sites (i, ii) was significantly higher 

than in closed canopy ones (iii, iv, v), stage iii being a mediator between these two 

(study I: Appendix S1 Fig. S5). In stage iii, also the total number of species (gamma 

diversity) and variation between sites (beta diversity) were higher (study I: Appen-

dix S1 Fig. S5). After canopy closure (i.e. from stage iii on), no difference in the 
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number of species occurred. In study I, the detected changes in vegetation assem-

blages were mainly driven by the shifts in dominant dwarf shrub and lichen species, 

and the presence and abundance of other species were relatively stable, excluding 

the early successional species that disappeared after the first two stages (study I: 

Appendix S1 Fig. S4). 

In study II, no changes in the number of species were detected, but Shannon 

diversity and species evenness increased slightly showing an evident positive lati-

tudinal trend with the highest diversity and evenness in the north (study II, Fig. 2). 

In general, highest diversity is often in the south (see Hillebrand, 2004), hinting of 

regional processes regulating diversity (study II). As no changes in the number of 

species were detected in study II, the increased evenness is likely caused by reduced 

dominance, which then leads to increased diversity. 

In study III, the difference in the number of species was minor (study III: Ap-

pendix C), but the abundance of species varied remarkably between years (study 

III: Fig. 4), leading to clear and gradual differences in species assemblages. This 

result is in accordance with e.g. Nieppola (1992), and a similar lack of variation in 

the number of species in boreal forests over time has been explained by, for exam-

ple, bryophytes replacing vascular plants during succession (Hart & Chen, 2006), 

and by the large number of generalist species (Tonteri et al., 2016). This conclusion 

is reasonable, as forest floor generalists tend to have large tolerance ranges but 

slightly varying light optima, allowing them to maintain their populations, but caus-

ing variation in their abundance over time (Kuuluvainen, 2002; Tonteri et al., 2016). 

Interestingly, in all studies, the number of species remained relatively stable 

(especially if only closed canopy sites are considered in study I). These diversity 

responses are also in line with a global meta-analysis showing increasing commu-

nity dissimilarity causing negligible changes in diversity of local communities 

(Dornelas et al., 2014), and the detected small annual turnover rates leading to high 

community turnover over long time periods (Blowes et al., 2019). It is also worth 

noting, that local communities can become degraded if they lose their special char-

acteristics yet remain equally diverse as the original communities (Pandolfi & 

Lovelock, 2014).  

4.2 Causes of changes  

Following the definition by Helms (1998), I consider all detected changes that are 

not related to clear human impact as succession. This of course leaves open the 
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possibility that part of the changes are falsely considered natural, as forests are fac-

ing multiple indirect anthropogenic stress factors, largely remaining unmeasured 

here. The most important of these is the impact of nitrogen, which has been noticed 

to co-influence boreal forest communities with climate and management (Hedwall 

et al., 2021). 

4.2.1 Natural 

In study I, sites with no signs of forest management were used, all the temporal 

changes described above can be considered as succession. In terms of vegetation 

development, a centennial timespan was covered. The detected changes (study I: 

Fig. 2) were related to a combination of primary succession caused by land uplift, 

and forest secondary succession, as the forest was estimated to be 80–90 years old 

even on sites with 1 500 year-old soils. In terms of development of soil microbial 

communities, the studied time-span covered over a thousand years of soil pedogen-

esis and primary succession (study I: Fig. 3). 

In study I, the soil layer (organic or mineral) significantly affected soil fungal 

(df=1, F=7.201, p<0.001) and bacterial (df=1, F=7.233, p<0.001) assemblages, and 

microbial communities were vertically structured between organic and mineral soil 

layers (study I: Fig. 3). Vertical differentiation in soil microbial communities is 

typical in boreal forest soils (Lindahl et al., 2007), and the assemblages may differ 

even within the organic soil layer (Clemmensen et al., 2015). The most important 

drivers varied slightly for fungi and bacteria and between soil layers (study I: Table 

1). Mineral soil communities seemed to be more regulated by time and related abi-

otic changes (i.e. decrease in pH, increase in EC and OM content study I: Appendix 

S1 Fig. S2), while those in organic soil were more influenced by the field layer 

composition (study I: Table 1). The stronger impact of vegetation on fungal com-

munities was detected already when examining the impact of patch type on com-

munity fungal composition (df=1, F=3.160, p<0.001) compared to bacteria (df=1, 

F=1.682, p<0.056). Interestingly, contrary to vascular plants, which were also ex-

pected to influence soil microbial assemblages, cryptogams did not seem to have a 

significant effect on soil microbial communities in study I, unlike in the study by 

Juottonen et al. (2020). Surprisingly, soluble nutrients (PO4
- and NH4

+) had no ef-

fect on above-ground or below-ground communities (study I: Fig. 2, Table 1). Con-

clusions about the individual impacts of strongly correlated pH, EC and OM, hav-

ing an inherent temporal aspect, should be taken very cautiously. Yet, we assume 
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OM accumulation during succession to be the key driver and soil C supply to reg-

ulate soil microbial communities in our study system. The decrease in soil pH and 

the development of plant communities following OM accumulation have likely fur-

ther filtered microbial communities. Therefore, we suppose OM accumulation to 

lead into a subtle interplay between the abiotic environment, and above-ground and 

below-ground community structures. Decreasing pH should not be an important 

environmental filter for boreal forest fungi (Sterkenburg et al., 2015) and low pH 

filters bacterial communities per se, leading boreal forest soils to be dominated by 

bacteria tolerating low pH (Baldrian et al., 2012). Moreover, low pH tolerating Ac-

idobacteria (Baldrian et al., 2012) are also able to degrade complex carbohydrates 

(Rawat et al., 2012), possibly relating to their high abundance, especially in later 

stages and the organic soil layer (study I: Fig. 4). Saprotrophic microbes are fully 

dependent on soil debris as their C supply, and changes in litter properties may be 

an important environmental filter for them (Prescot & Grayston, 2013). Some ECM 

fungi are also capable of degradation of OM (Clemmensen et al., 2013), which may 

lead into competition between saprotrophic and ECM fungi (Bödeker et al., 2016; 

Sterkenburg et al., 2018). Therefore, we assume that in our strongly C and N limited 

system, the low relative abundance of saprotrophic fungi on the later stages with 

abundant vegetation and high OM content to be caused both by environmental fil-

tering due to unfavourable changes in litter properties, but also competitional ad-

vance of ECM fungi. This assumption is further supported by the fragmented litter 

layer reducing competition with ECM fungi (Clemmensen et al., 2015), possibly 

explaining the detected high abundance of both saprotrophs and EMC fungi in early 

stages (stages I and ii) (study I: Fig. 3; Fig. 4), that are characterized by a poorly 

developed and patchy organic layer. 

According to my hypothesis, in study II, the natural development of forest un-

derstorey vegetation was closely related to the development of the forest canopy 

(study II: Fig. 3d&e; Fig. 5). Canopy properties were described by changes in can-

opy SLA and cover. Here, canopy SLA was almost perfectly correlated with the 

cover of Norway spruce Picea abies (study II: Supporting Information Figure S2.5) 

causing some unexpected results. Decreasing canopy SLA (i.e. increase of spruce) 

corresponded to increased SLA and decreased LDMC (study II: Fig. 3d). This cor-

relation is likely related to the strong shading effect of spruce (study II: Fig. 5), as 

increased shading is considered to increase SLA (Dahlgren et al., 2006). High can-

opy SLA (i.e. large leaves on trees) is typically related to increased shading and 

therefore correlates with high understorey SLA (i.e. larger leaf size to capture more 
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light) (Dahlgren et al., 2006). Similarly, increased canopy cover increased under-

storey SLA and decreased LDMC (study II: Fig. 3e). The response of LDMC can 

be artificial and related to its negative covariance with SLA (Bruelheide et al. 2018). 

Moreover, decreased canopy SLA (i.e. an increase of spruce) increased community 

turnover (study II: Fig. 3d). Decreased canopy cover also increased height and vice 

versa (study II: Fig. 3e), which is consistent with the theory of height responses to 

altered light availability (Díaz et al., 2016). These responses on trait composition 

were not seen in the average temporal changes (study II: Fig. 2), probably due to 

counteracting processes e.g., grazing or opposing trends in BGDs. 

In study III, the overall changes in vegetation followed a similar pattern on 

both logged and control sites, and somewhat surprisingly, the impacts of forest thin-

ning were detected only during the last inventory (in 2013; study III: Fig. 2). These 

results are consistent with previous studies showing that forest understorey vegeta-

tion on managed and unmanaged sites follows similar main patterns of develop-

ment (Uotila & Kouki, 2005). Also, a slight increase of spruce was detected in study 

III (see Muurinen, 2015). 

Coniferous trees, especially spruce, are an important driver for the changes in 

understorey vegetation communities, as they increase shading, create unique mi-

croclimatic conditions, change litter properties, affect the accumulation and quality 

of coarse woody debris, and filter microbial communities and influence decompo-

sition processes (Caners et al., 2013; Hedwall et al., 2013; Verstraeten et al., 2013). 

During succession the canopy typically shifts from a dominance of deciduous trees 

to dominance by coniferous trees in both coniferous and boreal herb-rich forests. 

In coniferous forests, this development is often favourable, and it is linked to fea-

tures that are typically related to high forest biodiversity and the establishment of 

rare and endangered species. In turn, in boreal herb-rich forests increased Picea 

dominance through natural succession, historical human influence and favouring 

of coniferous trees in current forest management is often unfavourable (Lindbladh 

et al., 2014). This ‘borealization’ (e.g. increase of generalist species of coniferous 

forests and decrease of herb-rich forest specialists) leads to decreased quality of 

these systems and has been listed as one of the main threats to herb-rich forests 

(Kouki et al., 2018). 

Slightly surprisingly, the results of studies II and III lead to a conclusion that 

succession partly concealed the responses of forest understorey vegetation commu-

nities to forest management. In terms of coniferous sites (study III), this can relate 

to the assumption of high ecological resilience (i.e. an ability to absorb the impacts 

before reaching a threshold, after which the ecosystem changes totally to another) 
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of boreal forests (Thompson et al., 2009). As boreal forest plants tend to have large 

and well-connected species pools and they are adapted to varying disturbance re-

gimes through successional pathways, boreal forest understorey communities have 

a high capacity to remain largely unaltered in spatio-temporarily varying land-

scapes (Kuuluvainen 2002). In terms of herb-rich communities (study II), this is 

likely explained by forest management and natural succession having partly similar 

impacts (decreased LDMC, increased SLA and increased turnover, study II: Fig.3; 

Fig. 5), both of which direct change to a decreasing uniqueness of the original com-

munities. 

4.2.2 Altered 

Climate 

In study II, climate change was included in the analysis, but, as expected, no dis-

cernible effect on species diversity, functional composition or community turnover 

was detected (study II: Fig. 3a). As the preliminary analysis of the data for study 

III (Muurinen, 2015) did not show any significant response in 10-year average ther-

mal sum or precipitation before each sampling, climate was used only as a descrip-

tive background variable (Supplementary material, Appendix S1). Possible causes 

for the weak long-term responses of both boreal forest understories and canopies 

(Danneyrolles et al., 2019; Tonteri et al., 2016) include the buffering effect of can-

opy against macroclimatic warming, and its ability to maintain microclimatic con-

ditions below the canopies on closed canopy forests (De Frenne et al., 2019). It 

may also be that microbial feedbacks prevent responses to climatic changes, unless 

they can overcome nutrient limitation or soil dryness (Allison & Treseder, 2011; 

Lladó et al., 2018). 

Grazing 

Surprisingly, reindeer grazing had the strongest influences on herb-rich forest un-

derstories of the studied variables in study II. Reindeer densities corresponded with 

increased diversity and evenness, reduced height and SLA (study II: Fig. 3b). Rein-

deer did not influence the turnover (study II: Fig. 3b), which means that reindeer 

grazing maintained species assemblages typical for fertile herb-rich forest vegeta-

tion. The detected effect of reindeer grazing on functional traits (e.g. decrease in 
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height and SLA, and increase in LDMC) directing the functional composition to-

wards smaller and less palatable plants, is consistent with theory (Diaz et al., 2007). 

Height was negatively correlated in evenness both in space and time (study II: Fig. 

4). Therefore, we conclude reduced height to be the key cause behind the detected 

positive diversity trends. However, it did not fully explain the detected diversity 

trends (study II: Supporting Information Figure S2.7). In addition to interspecific 

effects on height, grazing pressure can also influence intraspecific height (Jessen et 

al., 2020), not included in our analysis. Therefore, the height-mediated effects of 

reindeer herbivory on evenness, and thereof increased diversity, can be even 

stronger than detected here. Yet, it is also worth noting that in addition to the impact 

of reindeer densities, these community features were also influenced by the mere 

presence of reindeer (i.e. the location of a site inside a reindeer herding district). 

This means that the detected changes can also partly be related to some other un-

measured factors changing along the latitudinal gradient. 

In study III, the impact of reindeer was not truly assessed, but the fluctuations 

of reindeer densities during the study period were used as background information 

(Supplementary material, Appendix S1, Fig.3) to discuss the detected increase in 

some grazing tolerant species, especially Deschampsia flexuosa and Linnea bore-

alis at the expense of Vaccinium myrtillus in 1986 (study III: Fig. 4). Unlike in 

study II, the vegetation response was probably not related to reindeer grazing, es-

pecially as the most notable peak in reindeer densities occurred around the 1990s. 

Also, most of the species favoured in reindeer summer diets (Bråthen & Oksanen, 

2001), such as Solidago virgaurea and tree seedlings, were not influenced in study 

III. Moreover, mesic heath forests are likely to be low-value habitats for reindeer 

outside the late winter to early spring when reindeer feed on beard lichens (Usnea 

and Bryoria), and autumn-time when mushroom fruiting bodies are preferred. 

The results of study II expand the earlier findings from tundra and montane 

systems to boreal herb-rich forests (Kaarlejärvi et al., 2017; Sundqvist et al., 2019). 

They, however, contradict previous findings of ungulate grazers having a homoge-

nizing effect on forest systems (Rooney, 2009), but support studies of livestock 

grazing maintaining vascular plant and bryophyte biodiversity on forest pastures 

(Oldén et al., 2016). One of the main threats to the remaining seminatural grass-

lands and grazed woodlands is overgrowth caused by lack of grazing (Schulman et 

al., 2008), and a similar influence also occurs in fertile mires that were used as 

pastures. Thus, it should be considered whether the importance of large grazers in 

maintaining biodiversity by preventing dominance, is more important than previ-

ously thought, also outside open and semi-open areas (Pausas & Bond, 2019). 
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However, historical grazing is one of the many causes favouring spruce over de-

ciduous trees and thereby a driver behind the current borealization development 

(Lindbladh et al., 2014). 

Forest management 

In study II, forest management influenced diversity and turnover as assumed, but 

surprisingly the detected changes in trait composition were only weakly related to 

forest management and dependent on management class (study II: Fig. 3c). In terms 

of species traits, the heaviest management class (class 4) differed from the other 

two. Lighter management reduced LDMC and increased SLA, while the heaviest 

management did not influence LDMC, but decreased SLA (study II: Fig. 3c). Both 

increases and decreases of the canopy cover were detected, but increases were 

much more likely to occur over time, and the main trend was canopy closure on 

both managed and unmanaged sites. Yet, the heaviest management class included 

all recent clear-cuts, and therefore influenced understorey vegetation light-inter-

ception strategies. This finding is in line with previous studies (Tonteri et al., 2016), 

but implies that canopy closure after disturbance lead to only a short-term response 

and that the effects of the altered light environment vanished during forest succes-

sion, as suggested by Hedwall et al., (2013). Height tended to slightly but not cer-

tainly (creditability interval not totally above zero) increase only in the severest 

management class (study II: Fig. 3c). It is possible, that if, as assumed, the opposing 

overall trends on southern and northern areas are caused by the strong negative 

impact of reindeer on vegetation height, these counteracting processes mask the 

possible influences of forest management on light competition. However, it is 

worth noting that the impacts of forestry were mainly direct and not mediated by 

the impacts of forest management on canopy properties. 

In study III, forest thinning did not affect the number of species (study III: 

Appendix C) and had negligible influence on community composition during the 

first two inventories (in 1961 and 1986) when the forest was 41 and 66 years old 

(study III: Fig. 2), which was somewhat surprising. The logged sites tended to differ 

from control sites only during the last inventory, 26 years after the second logging, 

when the forest was 93 years old (study III: Fig. 2). In this case, impacts of forestry 

on understorey communities can be argued to be carried as legacy effects (i.e. a 

subtle, delayed effect of forestry in the past). Several other studies have also noticed 

time-lag in responses to forestry practices (Bergstedt & Milberg, 2001; Nieppola, 

1992; Tonteri et al., 2016). The lack of understorey vegetation responses 8 and 33 
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years after forest thinning in study III were likely partly due to the same short-term 

responses in light the environment as detected in study II. However, as expected, 

management intensity influenced the impacts of only previous harvesting (1987) 

on the last study period (2013): increasing harvesting intensity led to increasing 

differences in understorey community compositions (study III: Fig. 3a). This result 

supports previous findings of more intense management leading to stronger re-

sponses in forest understories (Vanha-Majamaa et al., 2017), and increasing soil 

disturbance leading to more negative responses on vascular plants (Peltzer et al., 

2000). Only a few species with indicator value were significantly influenced by the 

second thinning in 2013, either positively (like D. flexuosa) or negatively (like 

Goodyera repens) (study III: Fig. 5). The moderate community (study III: Fig. 2; 

Fig. 3) and species level (study III: Fig. 5) responses may relate to the fact that the 

majority of plant species in coniferous forest understories are common generalists. 

These species can tolerate both late and early successional conditions, and thus 

largely resist the impacts of some forest management practices, sometimes even 

being favoured by increased light and nutrient availability (Jalonen & Vanha-Maja-

maa, 2001; Tonteri et al., 2016). 

As assumed, repeated forest thinning drastically decreased the total number of 

logs and in the number in different decay stages (study III: Fig. 7) and thereby 

disturbed succession in terms of development and accumulation of CWD. Accu-

mulation of CWD during succession occurs through allogenous and autogenous 

processes, such as self-thinning and disturbance (Sturtevant et al., 1997), and even 

slight timber extraction is known to affect the amount and quality of dead wood 

(Tikkanen et al., 2014), which in turn has remarkable consequences for wood in-

habiting taxa like polypores (Juutilainen et al., 2014). At the system level, CWD is 

one of the key features for forest biodiversity and is a potential habitat for rare and 

endangered species (Rassi et al., 2010) that are shown to be so sensitive that they 

may be detected only from natural forests (Juutilainen et al., 2014). However, tak-

ing only CWD into account and excluding other dead wood material is argued to 

severely underestimate richness and abundance of dead wood associated species 

(Juutilainen et al., 2011). In conclusion, the actual system-level biodiversity im-

pacts can be assumed to be stronger in this case (study III) as well as detected 

merely based on the vegetation responses.  
  



50 

 



51 

5 Key findings and conclusions 

As expected, all studied communities, plants (studies I, II, III), soil bacteria and 

fungi (I) clearly changed over time. In studies I and III, I examined changes in 

species assemblages and in study II community dissimilarity (i.e. turnover), species 

diversity and average trait composition. The most important temporal changes in 

study I occurred at different points for vegetation and soil microbes. The largest 

shift in understorey species assemblage was between stages ii and iii, i.e. 150 and 

500 year-old soil, and was related to canopy and understorey closure and soil pod-

solization. Soil microbes, especially bacteria showed the most notable change in 

species assemblage between stages i and ii, i.e. 50 and 150 year-old soil. Yet, a less 

prominent shift was also detected between stages ii and iii for soil microbes. Inter-

estingly, after canopy closure and soil podsolization from stage iii onwards, the soil 

microbial communities largely resembled each other, while plant communities 

strongly differed. Similar asynchrony in development of soil microbial communi-

ties and vegetation was noticed by Juottonen et al., (2020) but it deserves further 

studying. 

Soil microbial communities (study I) were vertically structured, with slightly 

different drivers being important for organic and mineral soil layers, and for fungi 

and bacteria. Partly contrary to my hypothesis, I concluded OM accumulation dur-

ing succession to be the key driver behind the related changes in soil microbial 

communities. OM accumulation is related to vegetation development and a de-

crease in pH, which both likely further filtered soil microbial communities in our 

strongly nutrient-limited study system. The results of study I emphasized that soil 

C limitation may be more important than N limitation in shaping soil heterotrophic 

microbial communities, leading to possible competition between saprotrophic and 

ECM fungi. 

The main changes in plant community composition from graminoids, herbs, 

acrocarpous bryophytes and lichens to dwarf shrubs, pleurocarpous bryophytes and 

fruticose lichens were relatively similar in studies I and III, both representing co-

niferous forests. These results are also in line with existing literature about  boreal 

forest understorey succession (Nilsson & Wardle, 2005; Økland, 2000; Uotila & 

Kouki, 2005). Interestingly, the detected changes in understorey vegetation com-

position did not form a clear successional series in study III as they did in study I. 

In all studies, the number of species remained relatively stable (if only closed can-

opy sites are considered in study I) but was caused by different underlying mecha-

nisms in each study. Stability in species numbers did not preclude high community 
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turnover (study II), as also detected in two recent meta-analysis (Dornelas et al., 

2014; Blowes et al., 2019). The detected successional changes were largely ex-

plained by the development of soil (study I), and forest canopies (study II, but also 

studies I and III), canopy impacts being related to increased shading in study II. 

Even though natural development (i.e. succession of canopy and understorey) 

occurred in all studies, some of the responses were related to human activity (II, 

III). Human impact was studied through the two components estimated to cause the 

most severe threat to boreal forest communities, climate change and land use (Noss, 

2001). As assumed based on corresponding studies (e.g. Maliniemi et al., 2019), 

the impacts of climate were negligible in studies II and III, even though warming 

during the study periods had occurred. In turn, land use as forestry practices (II, III) 

and reindeer husbandry (II) affected forest understorey communities. One of the 

most interesting and important findings that deserves further study, is the positive 

diversity impacts and maintenance of typical understories by reindeer grazing in 

herb-rich forests. In study II, reindeer grazing decreased vegetation height and SLA, 

which is in line with theory (Bruelheide et al., 2018; Diaz et al., 2007), and lead to 

positive diversity effects. However, grazing did not increase turnover in contrast to 

canopy closure, which also reduced average community height but directed com-

munities towards resembling heath-forests and therefore reduced uniqueness of 

herb-rich understories. Large herbivores are known to have strong impacts on veg-

etation in open and semi-open areas (Pausas & Bond, 2019), and grazing maintains 

biodiversity in boreal forest pastures (Oldén et al., 2016), but the findings presented 

in this thesis are among the first to show that reindeer grazing has similar effects in 

boreal forests. The results of this study (II) also suggest that taking regional pro-

cesses into account when studying large areas may be highly beneficial, as coun-

teracting trends may mask the actual impacts. 

Interestingly, the impacts of forest management were less distinct than assumed 

on studies II and III. As expected, the impacts were clearly stronger with increasing 

management intensity in both studies. In study II but not in study III, forest man-

agement negatively influenced diversity and increased turnover. The results of 

study II supported previous findings (Tonteri et al., 2016) of forest management 

practices influencing forest understorey vegetation through light-interception strat-

egies. However, the results implied that the altered light environment created only 

short-term responses that vanished after canopy closure. Based on the results of 

studies II and III, it seems that succession can conceal the responses of forest un-

derstorey vegetation communities on forest management, which deserves further 
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research. Especially, as in study III the responses of forest thinning in the past be-

came visible later when the forest 93 years old, and therefore caused legacy effects. 

This finding deserves special attention and should be of major interest since studies 

of the long-term impacts of forest thinning are scarce, even though thinning is 

widely applied as a part of current stand rotation practices. As expected, forest thin-

ning also drastically decreased the amount of CWD in study III, implying that even 

though forest understories may not show any compositional or diversity responses, 

impacts on other aspects of the forest system cannot be excluded. The results of 

study III underline the need, on one hand, for long-term studies to detect legacy 

effects, and on the other hand, research on the impacts of less intense management 

practices on forest vegetation. 

To conclude, existing literature shows that land use has led to dramatic frag-

mentation of the forested landscape, supplemented by other anthropogenic stress-

ors, such as climate change and nitrogen deposition. Some previous research shows 

forest understories to be relatively resistant to these changes, as partly was detected 

in studies II and III of this thesis as well. However, the detected legacy effects in 

study III and high turnover in study II, also imply that intensifying land use and 

forest management in the future may cause boreal forests to exceed their resilience 

thresholds. Interestingly, study II provided an indication that reindeer grazing on 

herb-rich forests could hinder negative developments, but this needs to be further 

studied. It should also be kept in mind that the total impacts of these drivers on 

forest ecosystems are likely to differ, and even be stronger, than those on forest 

understories. This thesis also shows that utilizing species traits (study II) can be 

highly useful to identify significant selection pressures, as can including structural 

diversity measures (CWD in study III) to evaluate broader-scale impacts of forestry 

practices than based on vegetation. Study I provides evidence of the complexity 

and association of the development of boreal forest vegetation and soil fungal and 

bacterial communities under undisturbed conditions. Despite the clear attempts to 

take below-ground processes into account, the importance and need of this infor-

mation to better understand future impacts of global change drivers cannot be high-

lighted enough and this topic deserves further research. 
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