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ABSTRACT 

Häkkilä, Matti 
Biotic homogenization of forest bird communities under human influence 
Jyväskylä: University of Jyväskylä, 2018, 50 p. 
(Jyväskylä Studies in Biological and Environmental Science 
ISSN 1456-9701; 348) 
ISBN 978-951-39-7462-6 (print) 
ISBN 978-951-39-7463-3 (pdf) 
Yhteenveto: Metsien lintuyhteisöjen biologinen samankaltaistuminen 
ihmistoiminnan vaikutuksesta 

Human actions impact biodiversity worldwide. Specialist species are 
particularly sensitive to environmental degradation whereas generalists may 
even benefit from habitat changes. As a consequence, specialists are declining 
while generalists are increasing and, therefore, communities become more 
similar. This phenomenon is known as biotic homogenization. In boreal forests 
logging and forest management is the most important factor changing the 
native habitat. In this thesis I studied if human actions are homogenizing boreal 
forest bird communities. I further studied if protected areas can maintain their 
diversity and, thus, prevent homogenization. Through the individual studies, 
biodiversity was measured using various metrics such as species richness, 
taxonomic, functional and phylogenetic diversities and Species Specialization 
Index. My results showed that human actions have diverse impacts on diversity 
in boreal forests. Intensive forest management has negative impacts on forest 
bird assemblages, and communities in protected areas are not sheltered from 
habitat changes in the surrounding areas. These negative impacts are 
particularly strong on forest specialists. The most important message of this 
thesis was that to really understand biodiversity, various diversity measures in 
all spatial scales should be considered. It is worth remembering that in 
biodiversity more is not necessarily better, but each area and patch has its own 
natural state of biodiversity. Human-induced changes to this baseline denote 
unwanted impacts on the communities and the whole ecosystems. With the 
growing demand and exploitation of natural resources, these complex relations 
in various scales and especially acknowledging them in conservation set 
growing demand of co-operation with scientists and conservation planners. 
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CONCEPTS AND ABBREVITIONS 

Biodiversity Diversity of life: reflects the variability and variation 
within species (genetics), between species (e.g. 
species richness, taxonomic diversity, functional 
diversity and phylogenetic diversity) or between 
ecosystems and how these change from one place to 
another and over time. 

Alpha diversity Local diversity of attributes within a site, e.g. species 
diversity within a habitat patch. 

Gamma diversity Total diversity of a landscape or region across local 
sites. 

Beta diversity Ratio or difference between regional (gamma) and 
local (alpha) diversity. Measures differentiation in 
community structure among sites.  

Taxonomic diversity Measures species diversity taking into account 
abundances. 

Functional diversity Measures the diversity of functional traits (e.g. 
feeding habit, motility, morphology etc.) in a 
community or population.  

Phylogenetic diversity Measures phylogenetic distances among taxa in a 
community, which reflect evolutionary history.  

Biotic homogenization A process where biotic assemblages become more 
similar to each other as a result of human actions. 

Habitat A site where species-specific resources and 
conditions enable occupancy. 

Matrix Non-habitat areas surrounding habitat patches and 
corridors.  

SSI Species Specialization Index; measures how evenly a 
species utilizes different habitat types. 

CSI Community Specialization Index; measures average 
species habitat specialization in a community. 

 



PREFACE 

Finland is known as a land of forests. It surely is one, but actually after the last 
Ice Age, for more than ten thousand years ago, the whole boreal region has 
been largely covered by forests. Minnesota, in the heart of USA, is rather similar 
to Finland, what it comes to nature. Large wooded areas, small lakes and 
ponds, and peatlands are characteristic especially in Northern parts of the state. 
Boreal forest is not a stable habitat, but major disturbances, like forest fires and 
storms have created a dynamic landscape with large stands in various 
successional stages.  

For thousands of years these vast forests offered food and cover for a large 
variety of wildlife, including our nomadic ancestors. Slowly but surely things 
were changing, especially in Finland. With the rise of farming and permanent 
residences forested areas were used for slash and burn cultivation, later on for 
permanent fields and meadows. Timber was needed for many more things than 
just firewood. Still, as population density was low, major parts of the forests 
were untouched by humans, or used only for hunting, and forest fauna was 
flourishing. 

Bigger changes, at least when compared to natural state dynamics, started 
to happen few hundred years ago. In the age of colonialization, large European 
sailing ships were treated with tar, distilled from wood, to prevent rotting. As 
forests in central Europe had largely been cleared for agriculture by the 17th 
century but the need for tar was massive, vast boreal forests suddenly started to 
have monetary value. For the next two hundred years tar was the biggest 
export product in Finland and human induced disturbance in boreal forests 
reached new dimensions. For example, in 1863 270 000 barrels (á 125 litres) of 
tar were exported from Finland. Additionally, first large paper mills and larger 
sawmills were established in the late 19th century.  

Finnish people now knew how to take the most out of forest and they did 
not hesitate to use their special knowledge. Finnish emigrants put by large part 
into practise the major logging in the USA and Southern Canada in 19th and 
early 20th century, when growing and industrializing nations needed building 
material and other natural resources. In a few decades majority of mostly 
natural forests were logged in the eastern part of the USA.   

Next big change started after the Second World War, when a young 
Finnish nation, recovering from heavy losses, started to rise by using the most 
abundant resource, timber, to gain export income. Forest industry was 
developing and management practices were intensifying. By building forest 
roads even the most remote wilderness became accessible for loggers. 
Simultaneously, the young Minnesotan forests were left more or less 
unmanaged and only natural succession was forming the woodlands. 

The shrinking and vanishing forests awoke concern and pulled ahead 
nature conservation, which had already raised its head in the late 19th century. 
National parks and forest reserves were established and public awareness of 
dwindling natural habitats was increasing. Along with the wellbeing, nature 



conservation has now become, slowly but inevitably, serious and presentable 
subject, but the usage of forest is not showing signs of slowing down. On the 
contrary, in the 2010’s the term “bioeconomy” came to light. It seems that the 
appealing word “bio” means in this context ever intensifying exploitation of 
timber. With shortening rotation times and usage of stumps and harvest 
residues, the boreal Finnish forest is facing another era of major change that is 
increasing the contrast between protected natural forests and heavily managed 
commercial forests. The first alarming signs have already been observed, as one 
fifth of forest birds in Finland, the land of forests, have been added to Finnish 
Red List. What kind of changes will the forest bird fauna face because of the 
intensifying use of forest products? Only time will tell, but hopefully this thesis 
will be able to help in its part in predicting the future of forest bird populations, 
in understanding how changes do happen and most of all, help to prevent the 
most dramatic negative consequences. 



1 INTRODUCTION  

1.1 Changing environment 

Human-induced changes in the environment are affecting species distributions 
and abundances worldwide. Degradation and destruction of habitats (Travis 
2003, Devictor et al. 2008) and urbanization (Devictor et al. 2007) are affecting 
the composition of species communities. Climate change, pollution and 
invasive species are decreasing biodiversity throughout the world (Sala 2000). 
Even the remaining fragments of native habitats are impacted as a consequence 
of hindered migration and isolated populations (Cardinale et al. 2006, 2011, 
Hooper et al. 2012).  

The consequences of human actions can be observed in all scales and with 
various diversity metrics. Local and global trends of reduction in taxonomic 
diversity have been pointed out (Newbold et al. 2015), but human impact is also 
affecting functional diversity by reducing functional redundancy (Laliberté et al. 
2010), and also phylogenetic loss has been observed (Santos et al. 2010). 
Nevertheless, species are not equal in the face of habitat change. Available 
evidence (Julliard et al. 2003, Devictor and Robert 2009, Clavel et al. 2011) 
suggests that specialist species are more often negatively affected by 
environmental change than generalists. As a consequence, generalists are 
replacing specialists in communities resulting not only species poor but also 
structurally more similar species assemblages. 

1.2 Measuring Diversity 

For general public biodiversity usually means species richness and despite the 
multi-faceted nature of biodiversity (Mace et al. 2012). Also conservation 
biologists and community ecologists have only recently considered aspects of 
diversity other than taxonomic diversity. Taxonomic diversity accounts for 
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species richness and abundances, and it is the most commonly quantified 
component of diversity. Functional diversity describes the habitat and resource 
use by organisms as well as the range of ecological roles that organisms 
perform in their assemblages (Tilman 1997). High levels of functional diversity 
have positive effect on ecosystem functions, and, for example, for the 
productivity of ecosystems, functional diversity is of high importance 
(Srivastava et al. 2012). Phylogenetic diversity reflects evolutionary history of 
the present taxa (Faith 1992) and high levels of phylogenetic diversity may 
enhance the resilience of communities to changing environmental conditions 
(Lavergne et al. 2010). Phylogenetic diversity has also been proposed as a way 
to acknowledge the role of species interactions in biotic assemblages and it is 
suggested as the most synthetic estimate of community trait space (Wiens et al. 
2010).  Therefore, together with functional diversity, phylogenetic diversity 
could help in predicting how species losses or gains will likely affect ecosystem 
functions. (Srivastava et al. 2012). 

Taxonomic, functional and phylogenetic diversity are all measuring 
different aspects of biodiversity, and incongruences and spatial asynchrony 
between these measures have been pointed out (Devictor et al. 2010b, Monnet et 
al. 2014). For example, areas with high taxonomic diversity do not necessarily 
have high functional diversity which causes challenges especially for 
biodiversity conservation. Therefore, integrative studies with all aspects of 
biodiversity taken into account are needed. 

Specialist species effectively utilize a narrow range of available resources 
(Kotiaho et al. 2005), and therefore communities containing many specialist 
species may be more efficient in transforming available resources into offspring 
than communities dominated by generalists (Devictor et al. 2010b). In contrast 
to generalists, specialists often have characteristic functional traits and thus 
losing them may result in decreasing functional diversity, which is an aspect of 
biotic homogenization (Clavel et al. 2011). 

Biodiversity in a landscape, gamma diversity, is determined by alpha 
diversity, or mean diversity of local sites or habitats, and beta diversity that 
describes turnover or differentiation of species among those sites or habitats. 
Even though the above mentioned aspects of biodiversity are considered, 
measuring mere alpha diversity of individual communities or protected areas 
does not necessary capture changes in landscape level. Beta diversity accounts 
for the relationship between alpha and gamma diversity, and informs about 
differentiation (or similarity) among communities. On the other hand, changes 
in alpha diversity are not necessarily reflected in beta diversity (Smart et al. 
2006, Socolar et al. 2016). Indeed, human-induced changes in alpha diversity of 
communities may result in higher or lower beta diversity in a landscape or it 
may remain the same. Therefore, in biodiversity conservation, maximum level 
of beta diversity is not necessarily a goal (Socolar et al. 2016), and thus, when 
studying biodiversity or biodiversity conservation, all scales of diversity should 
be taken into account.  
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FIGURE 1 Example of different scales of diversity (different forms represent 

different species). In A there are three species in each community, so 
mean alpha diversity is 3. All species are different, so gamma diversity 
is 9. Additive beta-diversity (like in II) is calculated as gamma minus 
mean alpha, which equals 6. In B homogenization has occurred: there 
are still three species in each community, but some of the species are the 
same. Therefore gamma and beta diversities are smaller even though 
mean alpha is still 3. In C all species present in A are still there and, 
thus, gamma diversity is 9, but some species have entered into 
communities and mean alpha diversity is now 4, and therefore beta-
diversity is lower than in A. 

1.3 Biotic homogenization 

Human activities cause not only extinctions but also invasions of new species as 
well as changes in the relative abundance of the extant species (Baiser et al. 
2012). Cosmopolitan species are expanding their range while native endemics 
are losing ground in numbers and space (McKinney and Lockwood 1999). 
Specialist species with narrow niches are decreasing at the expense of 
generalists with wider dietary and habitat preferences (Clavel et al. 2011). 
Generalists are often described as species with global ranges but actually they 
often are native species (La Sorte and Boecklen 2005). This multifaceted human-
induced process leading to decreasing beta diversity and increasingly similar 
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communities is known as biotic homogenization (McKinney and Lockwood 
1999, Olden 2006).  

Biotic homogenization does not only encompass the loss of taxonomic 
diversity, but also its functional component (Olden et al. 2004). Specialists, by 
definition, have specialized functions and their loss decreases functional 
diversity in a community. When communities become functionally more 
similar, it is eventually affecting ecosystem functioning (Hooper et al. 2005). 
Functional diversity is an important component of ecosystem functioning, the 
basis of the ecosystem services that humans depend on and, thus, of special 
concern for human well-being (Cardinale et al. 2012). It has already been shown 
that ongoing biodiversity loss is causing an ecosystem services debt (Isbell et al. 
2015, Elo et al. 2017), which may have a negative impact on the resilience of 
ecosystem functions, or the ability to recover functionally after a disturbance 
(Oliver et al. 2015). Therefore, when assessing ecosystem level impacts of 
homogenization, it is important to take into account the functional traits of 
species in a community (McKinney 1997). Unlike species identities, functional 
traits can also inform about species’ ability to adapt on particular 
environmental attributes (Cadotte et al. 2011) which increases information when 
analyzing community composition. Additionally, specialists have unique 
phylogenetic histories, and, thus, the loss of specialist species also decreases the 
phylogenetic diversity of communities. 

1.4 Boreal forest 

Boreal forest is a vast vegetation zone covering 1.890 billion hectares 
throughout the northern latitudes in Palearctic and Nearctic regions (Brandt et 
al. 2013). Vegetation of the boreal zone is characterized by forests with cold-
tolerant tree species, but also lakes, rivers, wetlands, and in drier areas some 
grasslands (Brandt 2009). Even though there are similarities in avifauna and 
taxonomic composition of boreal forest communities between Palearctic 
(Europe and Asia) and Nearctic (North America) and also forest composition 
and disturbance dynamics are very much alike (Imbeau et al. 2001), there are 
also clear differences between these two regions. 

Major disturbances modify species assemblages, and for example the ice 
ages in Pleistocene had drastic impacts on forests of Western Palearctic region 
while rest of the Northern hemisphere suffered less on glaciation (Mönkkönen 
and Welsh 1994). When forests were fragmented and in major parts completely 
lost both in breeding grounds in Eurasia as well as wintering areas in Africa, 
habitat generalists with good colonization abilities survived best. In Nearctic 
region forests remained more continuous and contact with tropical forests 
remained uninterrupted (Roberge et al. 2018), which made habitat specialism as 
well as migration more feasible strategy. 

In addition to evolutionary history, human-induced environmental 
changes differ in Nearctic and Western Palearctic. While large areas of boreal 
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forest in North America and Russia remain unmanaged (Potapov et al. 2008),  
particularly in Fennoscandia, timber production is intense (Burton et al. 2010). 
In Finland, for instance, 91% of forests are in wood production (Kortesmaa and 
Jokela 2017) and the impact of habitat degradation can already be seen in 
declining forest bird populations (Valkama et al. 2011, Tiainen et al. 2016). By 
contrast, on the southern border of boreal zone, in the western Great Lakes 
region of North America, the natural forests experienced heavy logging 100-150 
years ago, but ever since forest management has been far less intense than in 
Fennoscandia even though there is some commercial forestry (Schulte et al. 
2007). Unlike Finland, most forest bird populations in the Great Lakes regions 
are either stable or even increasing (Niemi et al. 2016). Therefore, differences in 
community assemblages can be expected between Western Palearctic and 
Nearctic, and the differences should be clearest on forest specialist species. 

1.5 Protected areas 

The main strategy to slow and reduce the decline of biodiversity is saving small 
areas of land from human usage i.e. establishing protected areas. However, a 
growing number of scientific studies of the effectiveness of protected area 
networks in maintaining biodiversity is showing that the networks are not 
representative enough (Rodrigues et al. 2004, D’Amen et al. 2013) and 
biodiversity decline is continuing. There are also both theoretical (Moilanen and 
Hanski 1998, Lovejoy 2006) and empirical studies (Newmark 1996, Ricketts 
2001, Carroll et al. 2004) showing that protected areas are not independent from 
their surroundings. Size (MacArthur and Wilson 1967) and connectivity 
(Hanski 1999) are important for biodiversity conservation, but in Europe most 
protected areas are relatively small and isolated which means that they are not 
able to maintain viable population sizes of species (Traill et al. 2007).  Even 
though the quality and quantity of the matrix surrounding isolated areas 
impacts the rate of species loss (Sisk et al., 1997; Prugh et al., 2008), little is 
known about matrix effects on protected forest areas. 

Matrix around protected areas is often characterized by intensive human 
actions and alterations. For example, protected old-growth forests are often 
surrounded by clear felled areas or young forests (Naughton-Treves et al. 2005, 
Mönkkönen et al. 2014). In boreal zone, protected forests situated in a matrix of 
young regeneration foster less species-rich communities but higher total bird 
density than those embedded in old-growth forest dominated landscapes 
(Mönkkönen et al. 2014) supporting the idea that matrix may provide additional 
resources even for patch-dependent species (Driscoll et al. 2013) even though all 
species are not able to utilize matrix resources. However, it has remained less 
studied how the matrix impacts the capacity of protected areas in maintaining 
functional and phylogenetic diversity or community specialization. And 
further, it is not well known what kinds of characteristics of protected areas 
promote specialized species or their functions, even though it has been 
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proposed that for the persistence of populations (Fahrig 2001) and the integrity 
of communities larger areas (Mönkkönen et al. 2014, Kotiaho and Mönkkönen 
2017) are needed. 

1.6 Aim of the thesis 

Conservation ecology is a flourishing branch of science trying to inform 
conservationists how to slow down the 6th mass extinction wave. There is 
increasing amount of scientific literature about human-induced habitat change 
and its impacts on biodiversity. However, the number of studies how protected 
areas are able to maintain diversity and prevent homogenization has remained 
low, especially in boreal forest habitat. This information is important when the 
usage of forest products and logging are rapidly increasing in the era of 
bioeconomy. 

In this thesis I study how human land use is affecting one group of living 
creatures, forest birds and their communities, in one part of the world, the 
boreal zone. I study if there are differences in species habitat specialization 
between two biogeographical regions in boreal zone. If no major differences can 
be found, the results of the studies put into practice in different regions can be 
generalized. However, if differences in specialization are clear, that may 
provide interesting results of the impacts of logging on specialist species and, 
thus, biotic homogenization, since there are differences in logging intensity and 
history between the two regions. I also study if the increasing human induced 
land use change causes forest bird communities to become more similar to each 
other, or in other words causes homogenization. Attention is paid on protected 
forests in northern Finland and their ability to maintain bird community 
composition under varying intensity of logging in the surrounding areas. I also 
study if the responses of functional and phylogenetic diversity and community 
habitat specialization on environmental change are different from the response 
of most commonly used taxonomic diversity. I also address if human activities 
have caused biotic homogenization i.e. losses in beta-diversity, in boreal forest 
bird communities which tells clearly how protected area network is working.  

Hopefully this thesis will, in its part, provide important new knowledge 
that will help to understand the mechanisms of species population change and 
biotic homogenization and eventually slow down the decreasing trend of 
biodiversity. 



2 STUDY QUESTIONS AND HYPOTHESES 

This thesis is comprised of four individual studies providing insights to 
different diversity aspects in boreal forests. All studies are performed using 
bird data collected with standardized survey methods, and the background and 
part of the methods are shared with all studies. However, individual papers 
view diversity and human impact on natural communities from different angles 
and provide comprehensive outlook on human impacts on biodiversity and 
discuss the possible consequences of habitat degradation on boreal forest bird 
communities. 

The first study focuses on habitat specialization, an important trait when 
studying biotic homogenization, and possible reasons why there are differences 
in specialization level of communities between two biogeographical zones, 
Western Palearctic and Nearctic, both within boreal ecosystem. Measuring 
specialization is also discussed and an improved method is suggested and 
developed. The main question is: 

 
1. Are there differences in habitat specialization between biogeographical 

regions (I)? 
 
Because the tree species diversity and environmental heterogeneity originating 
from deep history of forest biomes is higher in Nearctic region, the overall 
specialization rate will be higher than in Palearctic region. This difference is 
expected especially in forest species, whereas in non-forest species the 
expectation is not as clear.  

Studying specialization and especially the impact of biogeographical 
history and characteristics helps to understand and solve challenges faced by 
conservation biologists all around the world. The degree of species habitat 
specialization (measured with Species Specialization Index, SSI) is a 
consequence of the evolutionary history and may be different in regions with 
different land-use histories and, thus, environmental characteristics. Differences 
in specialization may have an impact on the sensitivity of species communities 
on disturbance and habitat degradation. Indeed, habitat filtering in human 
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altered landscapes may induce changes in community composition (measured 
with Community Specialization Index, CSI), and that needs to be taken into 
account in conservation planning. 

Chapters II, III and IV are empirical studies focusing on the responses of 
bird communities on human induced land-use changes. In all studies, I use 
several measures of diversity. Table 1 in the end of Results chapter summarizes 
the methods used in these studies. 

In the second study the aim is to reveal if human impact in general 
homogenizes bird communities. Biotic homogenization is a worldwide 
phenomenon where scarce and specialized species are supposedly declining 
and abundant generalist species populations are increasing and expanding their 
ranges which results ever more similar communities. The precise mechanisms 
causing biotic homogenisation are still unclear, and while taxonomic 
homogenization has been studied a fair bit, phylogenetic and functional 
homogenisation have received less attention. In this study, the main questions 
are: 
 

2. Does increased human impact and forest loss lead to decreased beta 
diversity (II)? 

 
3. Do taxonomic, functional and phylogenetic diversity show similar 

responses to human impact intensity (II)? 
 
Degradation and destruction of habitats are affecting species diversity (Travis 
2003). However, changes in alpha diversity are not always reflected by changes 
in beta diversity (Smart et al. 2006, Socolar et al. 2016). Nevertheless, the 
hypothesis is that increased human footprint and forest loss will lead to 
decreased beta diversity.  

Protected areas are currently the primary strategy to protect species and 
their diversity, but protected areas are not independent from their 
surroundings. The matrix surrounding protected areas can impact habitat 
quality (Sisk et al. 1997), dispersal ability of species and population persistence 
(Ricketts 2001). Habitat quality in the matrix can affect movement and dispersal 
of individuals and, thus, the colonization-extinction dynamics (Moilanen and 
Hanski 1998) and individuals may also use alternative resources available in the 
matrix (Dunning et al. 1992). The third study brings in different aspects of alpha 
diversity and their response to habitat structures in protected areas and to 
human land use in the surrounding matrix.  
 

4. How the characteristic of protected areas and the surrounding matrix 
impact the community composition of forest birds within the protected 
areas (III)? 

 
Because human land-use intensification tends to have negative effects on 
diversity (Flynn et al. 2009) the hypothesis is that forest bird communities will 
be negatively affected by intensive logging in the matrix. Large areas have 
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lower edge-to-area ratio, so they should be better buffered against matrix 
effects, whereas in small areas matrix effects will be relatively greater. As area, 
productivity and habitat diversity all have positive effects on species richness 
(Honkanen et al. 2010, Kahilainen et al. 2014), taxonomic diversity is expected to 
be the highest in large protected areas with high productivity and habitat 
heterogeneity. There are little studies about matrix effects on functional or 
phylogenetic diversity in protected areas and the relationship between area or 
productivity and functional and phylogenetic diversities or community 
specialization have remained less studied. Therefore, other diversity metrics are 
expected to show similar responses to taxonomic diversity.    

In the fourth chapter I still focus on the bird communities of protected 
areas but the viewpoint to biodiversity is changing again to matrix quality 
effects on taxonomic composition, functional trait composition and beta 
diversity. In other words, I focus on differentiation in bird community 
structures among protected areas. In the study, the aim is to determine whether 
the bird communities from the Finnish protected area network are being subject 
of biotic homogenization due to the lowered quality of the matrix. To achieve 
this I ask: 
 

5. Does matrix quality have impact on the taxonomical community 
composition of birds in the protected area network (IV)?  

 
6. Does matrix quality have impact on functional trait composition of 

birds in the protected area network (IV)? 
 

7. Does matrix quality have impact on community similarity (beta-
diversity) of birds within protected areas differing in size and habitat 
quality (IV)? 

 
The first hypothesis is that because of biotic homogenization processes, 
protected areas embedded in matrices with higher disturbance will have lower 
beta-diversity than the protected areas embedded in matrix with lower 
disturbance. The effect should be strongest in protected areas where differences 
in habitat composition between the protected areas and the surrounding matrix 
are the greatest. Further hypothesis is that large protected areas are better in 
maintaining their integrity whereas matrix effects are relatively greater on small 
protected areas. If so, conservation efforts should be focused on large 
undisturbed areas, and in case of small areas, on managing the surrounding 
matrix to minimize contrast to the protected areas in landscape structure. Using 
traits in the analyses makes it possible to reveal the mechanisms of biotic 
homogenization by studying which characteristics are particularly sensitive to 
environmental change. Changes in species morphological traits describing their 
behaviors (functions) are expected with changes in habitat quality in the 
protected areas and in the surrounding matrix. 



3 MATERIAL AND METHODS 

3.1 Bird data 

3.1.1 Finland 

The Finnish bird data (III, IV) were collected from protected forests in Northern 
Finland by Metsähallitus, Parks & Wildlife Finland during years 1988 – 1999 
using Finnish line transect count method (Järvinen and Väisänen 1976). As a 
one-visit census the line transect count method is suitable for counting birds 
over large areas (Järvinen and Väisänen 1981). The survey unit is breeding pairs 
which are counted on average 5-6 km transects early in the breeding season.  

Because I was especially interested in the impacts of forest management 
on bird communities, the species pool was restricted only to species that use 
forest as their primary breeding habitat (Väisänen et al. 1998). Of these, Crossbill 
species (Loxia spp.) were excluded since their breeding season is mostly over 
during the counts and outside breeding season all crossbills are highly 
irruptive. 

As a second data set of Finnish birds, Finnish national level data 
originating from the common bird monitoring project (CBMP) point counts 
conducted between 1984 and 2015 (Laaksonen and Lehikoinen 2013) was used. 
In this method, each point count station is located in a uniform habitat within 
50 m of the station and habitat type is categorized into 17 classes. Habitat type 
is defined by the person conducting the survey. These data, independent from 
the line transect census data, were used to calculate Species Specialization Index 
(Julliard et al. 2006) for studies (I), (III) and (IV). 

 

3.1.2 Minnesota 

Minnesota Breeding Bird Atlas (MNBBA), which was conducted 2009-2014 in 
the state of Minnesota, was used as a third bird data set. The method used in 
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MNBBA is similar to Finnish point counts, but in Minnesota the approach is 
more systematic and covers the whole state of Minnesota, USA. In MNBBA 
there are 25 habitat classes. For all these data only observations made inside 
50m radius from the point were used. 

The state of Minnesota is split into 2775 6 by 6 mile squares, called 
townships. Each township is divided into four sub-quarters of which the north-
eastern corner was randomly selected to be used in the censuses. Three 10 
minute point counts were conducted in each of the 3 by 3 mile squares. In the 
study design points were selected in a way that one point was in the most 
common habitat of that township, second in second most common and third 
was randomly selected. The habitat was determined by the habitat of 50 m 
radius surrounding the point, where over 50% must be of uniform habitat. All 
the counts in Minnesota were roadside counts, so each point was moved to 
nearest public road. 

3.2 Landscape data 

Land use and cover data from the 8th National Forest Inventory of Finland, 
collected 1986-1994 (Tomppo 1993) was used to characterize landscape around 
Finnish protected areas (III, IV). In these data forests were classified by timber 
volume and dominant tree species into nine cover types (see Brotons et al. 
2003). Variables describing the habitat composition within the protected areas 
and in the surrounding landscape were calculated from this classification. The 
sum of spruce-deciduous habitat types was used to describe productivity 
because in the study area, spruce-deciduous forests only grow on fertile soil 
whereas less fertile soils are usually pine-dominated. In northern Finnish 
conditions forests with more than 100m3/ha timber can be considered mature 
(Mönkkönen et al. 1997) so the sum of the three cover types with more than 
100m3/ha was used to describe the proportion of old-growth forest even 
though forest age was not directly measured. Habitat diversity within protected 
areas was estimated using Shannon’s diversity index from the proportions of 
the nine cover types in each area.  

The landscape around the protected areas was characterized from a 5 km 
buffer around the outer border of each area. I selected this radius to make sure 
that the matrix effects could also be studied with larger birds with large home 
ranges, e.g. Golden Eagle (Aquila chrysaetos) and larger buffers would have 
overlapped.  

In study (II) combined data from different databases to characterize 
landscape around each of the points in Minnesota Breeding Bird Atlas point 
counts was used. Detailed information about habitat types was obtained from 
Landfire program, precipitation and mean temperature from the database of 
PRISM Climate group, human population data from US population census and 
Ecological provinces, sections and subsections and conservation status of forest 
stands from the database of Minnesota Department of Natural Resources.  
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3.3 Diversity measures 

3.3.1 Species Specialization Index 

Species specialization index; SSI (Julliard et al. 2006) was used in studies (I), (III) 
and (IV) as a tool to study community structure. SSI is relatively simple but 
sensitive tool for studying community level homogenization. SSI is the 
coefficient of variation (standard deviation/average) of species densities among 
habitat classes. The more specialized the species are in their habitat, the larger 
the SSI value will they have. For calculation of SSI we used independent Finnish 
national level data originating from the common bird monitoring project 
(CBMP) point count censuses described in 2.1.1. For each habitat class I derived 
average density for the 69 forest species, and then calculated sample size bias 
corrected species specialization index, SSIc (Julliard et al. 2006). Finally, a 
weighted average SSIc of species present in a given site, i.e. the community 
specialization index, CSI (Devictor et al. 2010a) was calculated. 

However, SSI does not take into account the potential variation in 
densities of each species among sampling units within habitat classes, but it 
assumes even distribution of individuals among all sampling units within the 
habitat class. That means that if the habitat categorization does not capture the 
finer level environmental variation potentially associated with densities of each 
species, SSI may underestimate the species specialization level. Therefore, an 
improved method for calculating SSI taking into account the variance within 
habitat categories is developed in paper I. Improved method is based on first 
calculating sample size bias corrected SSI (Devictor et al. 2008), which is then 
further corrected by multiplying it by a coefficient of within habitat class 
variation (see I for further details).  

 

3.3.2 Rao’s quadratic entropy and taxonomic diversity 

In the (III) study species richness or number of species in each protected area 
was first calculated. Further, taxonomic, functional and phylogenetic -
diversities based on Rao’s quadratic entropy (Rao 1982) using R functions 
developed by De Bello et al. (De Bello et al. 2010)  were calculated for each of the 
protected areas, as well as the Community Specialization Index (Julliard et al. 
2006).  In Rao’s quadratic entropy the -diversity of each community is 
representing the expected dissimilarity between two random individuals, thus 
it is taking the relative abundance of each species into account. When 
calculating taxonomic diversity, the dissimilarity has a value of 1 if two 
individuals represent two different species and otherwise 0. Thus, a community 
with one abundant species and nine uncommon species will get lower values 
than community with 10 equally abundant species. Thus, for species level 
taxonomic diversity, -Rao equals the Simpson diversity index (Pavoine et al. 
2004, Ricotta 2005). For functional and phylogenetic diversity measures 
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dissimilarity takes into account functional or phylogenetic distances among 
species (Pavoine et al. 2004, De Bello et al. 2010) and unlike in taxonomic 
diversity, the dissimilarity values between individuals varies continuously 
between 0 (the two individuals are functionally totally dissimilar/belong to 
very distantly related species) and 1 (functionally identical/same species).  

3.3.3 Functional diversity from traits 

Functional diversity is often measured by using ecological traits (Petchey and 
Gaston 2002) and for functional diversity of forest birds in Minnesota (II) 
numerical data from the dataset (Belmaker and Jetz 2015) including diet 
composition, foraging stratum, activity time and body size was used for the 
calculation. Functional distances for species found in the study data were 
calculated using the daisy function in the R package cluster with Euclidean 
distances. Functional distances were then scaled between 0 and 1 to be used as a 
distance matrix in the calculation of diversity metrics. 

In study (III) a method based merely on morphological traits was used. 
The functionality of a species refers to the way it uses the habitat for foraging, 
nesting, avoiding predators, etc. This is reflected in the morphology of a species 
(Miles and Ricklefs 1984). Morphological traits (wing, tail, tarsus and bill length, 
bill width and bill height) were measured from at least five individuals per 
species from museum samples in the Museum of Natural History in Helsinki, 
Finland and the Museum of Natural history in Oulu, Finland. As all of these 
measures mainly reflect the size of the bird, the original morphological 
variables were transformed into indices linking morphology with ecological 
functions of the species.  First, body mass was used as an indicator of overall 
body size, which is an important driver of both habitat use and diet, and two 
species with different body size but equal shape tend use food items of different 
size and different habitats. Second, to describe functions related to the type of 
food used we used a ratio bill length/(bill width + bill height). Species with 
long bills relative to bill width and height tend to be more insectivorous than 
short-billed species (Lederer 1975). Third, we calculated three further ratios 
(wing length/( body mass), tarsus length/( body mass) and tail 
length/( body mass)) to represent differences in locomotion and habitat use. 
The lengths were divided by the cubic root of body mass to scale these one-
dimensional variables by a one-dimensional measure of body size (body mass is 
volume related). These five uncorrelated morphological variables were then 
used to calculate pairwise Euclidean distances in a morphological hyperspace 
among individuals in a community. This distance, scaled between 0 and 1, was 
then used as a measure of morphological dissimilarity when calculating 
functional diversity.  

3.3.4 Phylogenetic diversity 

To study phylogenetic diversity of forest birds a set of 1000 randomly chosen 
phylogenetic trees of the study species was downloaded from the database 



24 

birdtree.org that contains a phylogenetic tree of 9993 bird species (Jetz et al. 
2012, 2014).  Of the 1000 trees a single, unrooted, 50% majority rule (extended) 
consensus tree was constructed using the Consense function (phylip package 
v.3.695). In the extended majority rule, any set of species that appears in more 
than 50% of the trees is included.  We used the distance between the two end 
nodes (i.e. species) in the consensus tree, scaled between 0 and 1, as a measure 
of phylogenetic dissimilarity in calculating phylogenetic diversity (II, III).  

3.4 Beta diversity 

Variation in biodiversity in space is measured with beta diversity. Unlike alpha 
and gamma diversities, beta diversity cannot be measured directly but it is 
derived from the gamma and alpha diversities. It is describing how much 
regional (gamma) diversity exceeds the mean alpha diversity of sites within the 
region. If all local sites would be similar, then gamma diversity would equal 
alpha, but as there are usually changes in species composition, beta diversity is 
actually describing the degree of species composition change between sites 
(Baselga 2010). The changes in species composition may stem from two 
phenomena. First concept, spatial turnover, means replacement of species by 
other species. The other is nestedness, which describes a pattern where the most 
species-poor site is a subset of the richest site. So the site with most species has 
unique species that are not present in the poorest site, but there is no species 
replacement (Baselga 2010). 

Beta diversity can be measured using many different protocols (Anderson 
et al. 2011). In (II) beta diversity was calculated as in its additive form: gamma 
diversity minus the mean alpha diversity of a region, reflecting how many local 
sites there would be if none of the sites shared common species. In (IV) the 
approach to study community similarities with increasing human impact was 
carried out by focusing on the amount of variation of bird communities within 
different scenarios after which the amount of variation among the scenarios was 
compared (see paper IV for details of this rather complicated approach). 

Higher variation between communities or beta diversity in a given region 
indicates that the composition of local sites is more different from each other 
compared to a region with lower beta diversity. Thus, even though locally there 
are no changes in diversity, the total diversity of a region could show decrease 
if the individual sites became more similar (Fig. 1). However, maximising beta 
diversity is not necessarily the goal in biodiversity conservation (Socolar et al. 
2016) because local extinctions may reduce alpha diversity which increases 
differences between communities leading to higher beta diversity. Colonization 
of new species into communities, on the other hand, may increase the similarity 
and, thus, decrease beta diversity. 
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3.5 Statistical analyses 

3.5.1 Differences in habitat specialization between Western Palearctic and 
Nearctic birds  

In the first study (I), differences in species habitat specialization were compared 
between two geographical areas: Minnesota, USA and Finland. In the analysis, I 
used General Linear Model to analyse differences in SSI and CSI of both forest 
and non-forest birds. I also analysed if there are differences in specialization 
between different migration strategies. The analyses were completed using IBM 
SPSS Statistics 24 program. 

3.5.2 Does human land-use lead to biotic homogenisation of forest bird 
communities in northern USA? 

Linear models were used to study the effects of human land use on taxonomic 
beta diversity of forest bird communities. Human footprint (based on 
population density, land transformation, accessibility, and electrical power 
infrastructure), forest loss, habitat diversity, net primary production and mean 
temperature were used as explanatory variables describing human impact. The 
explanatory variables were chosen so that the variance inflation factors (VIF) 
were under 3 (Zuur et al. 2007). All analyses were performed with R version 
3.4.0. 
Functional beta diversity was analysed using generalized linear model because 
the residuals of the model explaining functional beta diversity were not 
normally distributed. The explanatory variables were the same as in taxonomic 
beta diversity. 
In phylogenetic diversity there was special autocorrelation in the residuals and 
for that reason spatial regression error models were used in the analyses. Since 
a GLM with spatial regression cannot be constructed the independent variable 
was natural log-transformed to get normally distributed residuals. 

3.5.3 Degradation in landscape matrix has diverse impacts on diversity in 
protected areas  

Linear models with the R (version 3.4.0) were constructed to analyse the 
impacts of the characteristics of the protected areas and their surrounding 
landscape matrix on each diversity metric of the bird communities in the 
protected areas. The analyses was implemented using a two- step modelling 
approach, where the most important variables inside the protected areas were 
first selected, after which these variables were forced in the model and the most 
important variables in the surrounding matrix were then selected. N-coordinate 
was included as a covariate in all models to control for well-known decline in 
diversity with increasing latitude. Because variables describing the composition 
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of matrix were entered into the models after within-area variables, they 
describe the additional effects of the surrounding matrix. 

Following Richards et al. (2011) Akaike Information Criteria with small 
sample size correction (AICc) was used to select the variables to retain at each 
step. In cases of two or more alternative models we used model averaging to 
create one best model (Burnham and Anderson 2002). All variables were 
entered as fixed effects. 

3.5.4 Is degradation in matrix homogenizing bird communities in protected 
areas?  

This study was completed using the same data as (III). To get comparable 
sampling units, the counts of every species were randomly assorted within 
transects by dividing transects in 1 km sub-transect segments. The data was 
then transformed to presence-absence data within segments. For this data, a 
joint species distribution model was fitted with the HMSC Matlab-package 
(Ovaskainen et al. 2017). Explanatory variables included in the model were log-
transformed area of the protected areas, the proportion of more productive 
forest types within areas describing productivity, the proportion of old-growth 
forests and proportion of shrubs in the matrix describing clear-cuts. 

To study how patch area and patch and matrix quality affect species 
density and community composition scenario simulations were used. For that 
purpose, eight hypothetical scenarios of protected areas varying systematically 
in size and habitat quality as well as matrix quality and the occurrence 
probabilities of species/transect segment were predicted. The predicted 
community composition within large area with high quality habitat and high 
quality matrix was considered as a baseline scenario. 

To assess the influence of the quality of the protected area on the 
community composition, the posterior probabilities that 1) the community in a 
high quality area is more similar to the natural reference community than a 
community in low quality area separately for the four cases corresponding to a 
small vs. large protected area, and low vs. high quality matrix were computed. 
For 2) the size of the protected area the occurrence probabilities were calculated 
similarly: community in large area is more similar to the reference community 
than in small area (four cases corresponding to a low vs. high quality protected 
area and low vs. high quality matrix). Finally, 3) to assess impacts of matrix 
quality, the occurrence probabilities were calculated for the following cases: the 
community in a protected area surrounded by high quality matrix is more 
similar to the reference community than a community surrounded by low 
quality matrix (separately for the four cases corresponding small vs. large 
protected area, and low vs. high quality protected area). 



4 RESULTS AND DISCUSSION 

4.1 Differences in habitat specialization between Western 
Palearctic and Nearctic birds  

I found that traditional SSI tended to underestimate the true level of 
specialization and this underestimation was bigger in more specialized species 
(I). Thus, species that are unevenly distributed among habitat classes also 
tended to be unevenly distributed among sampling units within a habitat class. 
This suggests that traditional SSI-index may be a severe underestimation of 
specialization level, because birds respond to fine level habitat variation that is 
not captured with habitat classification. Therefore within-habitat variation 
should be taken into account when estimating species habitat specialization. 

Counter to my hypothesis, forest birds in Finland were more specialized 
than non-forest birds whereas in Minnesota the pattern was the opposite (I). I 
hypothesize that reduced historical habitat availability and large scale 
fragmentation of remaining habitats are associated with high level of habitat 
specialization. During Pleistocene glaciation forests were highly fragmented in 
Palearctic, whereas in Nearctic Ice Age conditions favoured forests, but natural 
grasslands were fragmented.  

I found no significant differences between in habitat specialization 
between resident, short-distance and long-distance migrants, thus the results 
provide no support for the hypothesis of resident species being more 
specialized. 

In both regions CSI values were lower than SSI values in birds in general, 
and in all ecological groups suggesting that generalists are dominating the 
regional bird assemblages. In Finland CSI value of forest birds was clearly 
lower than relatively high average SSI, whereas in Minnesota the differences 
between CSI and SSI were moderate. This suggests that forest bird assemblages 
in Finland are a non-random sample of the regional avifauna. I hypothesize that 
habitat filtering (Keddy 1992) in intensively managed landscape is favoring 
generalists and forest specialists are declining.  
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4.2 Does human land-use lead to biotic homogenisation of forest 
bird communities in northern USA?  

Taxonomic beta diversity was not impacted by human impact (II) nor by net 
primary production or mean temperature. Habitat diversity was the only 
variable clearly influencing taxonomic beta diversity having a strong positive 
impact. Habitat diversity had a positive impact also on gamma diversity, but 
alpha diversity showed no significant response. This is a sign of species 
turnover; species entering the region are replacing some species originally 
present. 

In contrast to taxonomic beta diversity, functional beta diversity was 
impacted by human influence (II). Human footprint had a strong positive 
impact on functional beta diversity (heterogenization), even when natural 
variation caused by mean annual temperature, net primary production and 
habitat diversity were taken into account. Interestingly, forest change did not 
appear to influence functional beta diversity. Both net primary production and 
mean annual temperature had a negative impact on functional beta diversity. 

Phylogenetic beta diversity showed no response to human footprint index, 
or forest change, even though there was negative but non-significant impact on 
phylogenetic gamma diversity and no association with alpha diversity. There 
was a negative association of forest change with both phylogenetic alpha and 
gamma diversities but no impact on beta diversity. Like with functional beta 
diversity, net primary productivity and mean annual temperature both had a 
negative impact on phylogenetic beta diversity. 

The results appear to be contradictory to many previous studies that have 
shown increasing human actions such as urbanization (McKinney 2006, Sol et al. 
2017), agricultural intensification (Gordon et al. 2009, Rodrigues et al. 2013) and 
forest management to induce biotic homogenization, i.e. loss of beta-diversity 
(Mori et al. 2015, Ibarra and Martin 2015). However, there are also studies where 
human pressure has not induced homogenization (Lee-Cruz et al. 2013) and in 
some cases even an increase in beta diversity has been observed (Catterall et al. 
2010). 

Increasing functional diversity with increasing human impact was 
surprising and, compared to many previous studies, contradictory (McKinney 
2006). One explanation for this could be that with increasing human activity 
environmental heterogeneity in the region was increasing and these novel 
habitats were occupied by new species, which would result in increased 
between-site diversity. Another, very potential explanation lies in the 
fundamental characteristics of beta diversity. In this study, beta diversity was 
calculated as regional (gamma) diversity minus mean local diversity of 
individual sites (alpha). Therefore increasing beta diversity may stem from 
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increase in gamma diversity or decrease in alpha diversity. In the results no 
statistically significant impact of human footprint on neither alpha nor gamma 
diversity could not be found, but the negative estimate for alpha diversity was 
clearly stronger than for gamma, which could have caused the positive impact 
on beta diversity. 

Another potential reason for the positive impact of human impact on 
functional diversity can be subtractive heterogenization (Socolar et al. 2016). In 
this conceptual trajectory, beta diversity is first increasing by declines of native 
species, in addition with increasing invasive species (additive 
heterogenization), but with higher disturbance levels rare species are 
disappearing and invasive species start dominating and, thus, beta diversity is 
decreasing. In this study of forest bird communities only relatively forested 
units were used and human impact in these units was lower compared to the 
units that were left out of the analyses. Therefore, it is possible that the 
relatively low human impact in the study increased differences between sites. 

Interestingly and in contrast with previous studies (Kitching et al. 2013, 
Ibarra and Martin 2015), in my study forest change (% loss in mature forest 
cover) did not have homogenizing impact on any of the studied responses. This 
may be because forest change measures the change in the age structure of the 
forest due to harvesting or forest fires and not permanent disappearance of 
habitat. For some species this means lowered quality of habitat, but as boreal 
forest is dynamic, most species are adapted to disturbances. However, forest 
change had negative impact on functional and phylogenetic alpha and gamma 
diversities even though taxonomic diversity showed no response. This suggests 
that intensifying forest use may lead to decreased functions and lower 
evolutionary adaptation potential, which may have impacts also for human e.g. 
in the form of degraded ecosystem services. 

4.3 Degradation in landscape matrix has diverse impacts on 
diversity in protected areas  

In protected areas, characteristics of the areas (total forest area, habitat diversity 
and productivity) all had positive impact on species richness (III). Also matrix 
quality affected species richness, and surprisingly both good quality (high 
proportion of old-growth forest) and low quality (high proportion of shrub) 
had positive impact on species richness. However, the effect of shrub seems to 
weaken with increasing reserve area and where the effect was clearly positive 
in small areas, in large areas there was no effect. Based on the positive 
interaction with area, the impact of old-growth forest in the matrix increased 
with increasing total area, but plotting this matrix effect separately for small 
and large areas suggested that species richness increased with matrix quality 
more strongly in small protected areas than in large ones where there was no 
effect.  
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Productivity and habitat diversity inside the protected areas had positive 
impact on taxonomic alpha diversity (III), but no matrix effects on taxonomic 
diversity were found. Similarly, phylogenetic diversity was positively impacted 
by productivity and habitat diversity, but matrix effects were not found. This 
pattern is supporting earlier studies (Honkanen et al. 2010) and the hypothesis 
of the positive impact of habitat diversity (heterogeneity) and productivity on 
species diversity. Even though large forest areas hosted more species, they did 
not have increased taxonomic nor phylogenetic diversities. This suggests that 
the additional bird species that occupy large protected areas are low in 
abundance and not phylogenetically distinct. 

On functional diversity, in contrast with taxonomic and phylogenetic 
diversities, productivity inside protected areas showed a strong negative 
influence (III). Similarly to productivity, habitat diversity had negative impact 
on functional diversity. These results could be explained by species interactions 
and by the properties of Rao’s quadratic entropy. Both species abundance-
based diversity and functional differences among species are influencing 
functional diversity (Zoltan 2005, Petchey and Gaston 2006). If one species from 
a group or community of functionally similar species becomes lower in 
abundance or goes extinct, functional diversity increases with increasing 
average functional dissimilarity. The introduction of new functionally similar 
species will increase species abundance-based diversity, but it will decrease the 
average functional dissimilarity among species, but if colonizing species is 
functionally distinct the average functional dissimilarity will increase.  

Of the matrix characteristics, high percentage of old-growth forest had a 
negative impact on functional diversity, but the negative impact of high 
percentage of shrub was strong only on small areas. This suggests that 
functional diversity is decreasing with increasing shrub in the matrix on small 
protected areas, but is increasing with increasing proportion of old-growth 
forest independent of the size of the area. Thus, large protected areas seem to be 
better buffered against matrix effects because the impacts of shrub decrease 
with increasing total forest area. Again, explanation can be found in the 
diversity index: functional diversity is decreasing with increasing functional 
similarity among species. Protected areas with higher levels of old-growth 
forest in the matrix had high species richness of functionally reminiscent species 
(III). However, also an increased proportion of shrub in the matrix had a 
positive association with species richness in smaller protected areas. Increasing 
species richness with increasing shrub (indicating recent logging intensity) in 
small protected areas thus reduces the average functional distance of species 
and resulting in decreased functional diversity. The reason for this may be spill-
over of generalist species from the matrix. In conclusion, logging in the matrix 
will result in a loss of ecological functions and lead to biotic homogenization 
particularly in small protected areas. 

Finally, productivity and habitat diversity, as well as high percentage of 
old-growth forest in the matrix all had positive impact on community 
specialization (III). Thus, bird communities in areas of high productivity and 
habitat diversity are more specialized, in particular when there is high 
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proportion of old-growth forest in the surrounding areas. The positive effect of 
habitat diversity inside protected areas on community specialization index may 
first sound counterintuitive because uniform habitats allow larger population 
sizes which should benefit specialist species by decreasing the likelihood of 
stochastic extinctions. The effect of habitat diversity on specialists’ habitat 
availability is likely scale-dependent (Allouche et al. 2012). At small spatial 
scales, specialist species should be negatively impacted by habitat diversity 
because the amount of area available for individual species in a given area 
decreases with increasing habitat heterogeneity which is increasing the 
likelihood of extinctions (Kahilainen et al. 2014). If total habitat area is large, the 
negative effect is balanced by the positive effects of colonization by new 
specialist species.  

The proportion of old-growth forest in the matrix impacting positively on 
community specialization is supporting the hypothesis of protected areas 
embedded in intensively managed matrix fostering more homogenous bird 
communities than those in less managed matrix. This is explained by the 
replacement of old-growth forest specialists by generalist species (McKinney 
and Lockwood 1999). These results support the idea of the flow of generalists 
from the matrix into the protected areas being an important mechanism of 
homogenization. However, matrix effect should be area-dependent and small 
protected areas would be more vulnerable to generalists’ invasion. In my 
results about community specialization index, however, there was no evidence 
for this. 

4.4 Is degradation in matrix homogenizing bird communities in 
protected areas?  

The proportion of old-growth forest within the protected areas strongly 
influenced the bird community composition (IV), but unlike in many earlier 
studies (Devictor et al. 2008, Stouffer et al. 2009, Kennedy et al. 2010) the bird 
communities showed only moderate responses to the quality of the matrix (IV).  

Large part of the variation in bird community composition in the 
protected areas varying on habitat and matrix quality was explained by the 
species' functional traits (IV). There was a clear pattern in the variation of 
morphological traits. Protected areas with low proportion of old-growth forest 
were occupied by species with larger body size and longer relative wing length 
but shorter relative tarsus. This can be explained by higher abundances of, for 
example, raptor species (Rayner 1988). There was also larger bill ratio in small, 
forested areas with little shrub in the matrix. This could be an outcome of 
increasing abundance of small-sized insectivorous birds, e.g. warblers and tits 
(Miles and Ricklefs 1984), in small protected areas with high percentage of old-
growth forest cover and high quality matrix. 
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Protected areas with high proportion of old-growth forest host higher 
abundances of specialist species (high average SSI-index) than those with low 
proportion of old-growth forest cover. This suggests that habitat quality within 
the protected areas affects the relative abundances of generalist and specialist 
species. This is in line with earlier studies where habitat disturbance has been 
found to favour generalists at the expense of habitat specialists (Marvier et al. 
2004, Clavel et al. 2011). In protected areas recent human disturbance is usually 
low, but low proportion of old-growth forest may stem from human actions 
before area was protected. 

In protected areas with high proportion of old-growth forest but low 
quality matrix the abundance of species with nationally large population size 
was higher than in forested areas with high quality matrix. This is a sign of 
homogenization: if scarce and rare species are the first to disappear with 
increased logging in the matrix, as earlier literature shows (Henle et al. 2004), 
the result would be a community with more abundant species. 

There is some support in the results for the hypothesis that matrix quality 
is associated with higher community similarity, or homogenization, within 
protected areas because the highest community variability (beta-diversity) 
values were found in  both small and large high quality protected areas  
embedded in high quality matrix. High quality areas in low quality matrix had 
beta-diversity values that were among the lowest ones. Thus, supporting the 
biotic homogenization hypothesis, communities in protected areas embedded in 
low quality matrix are more similar to each other than those in high quality 
matrix.  

In high quality protected areas surrounded by low quality matrix the 
average population size of species was higher and there was no statistically 
supported difference in species specialization compared to the reference 
scenario. The results suggest that homogenization is likely originating from 
more common, abundant species becoming more dominant in the reserves 
embedded in low quality matrix. This may also originate from landscape 
supplementation effect (sensu Dunning et al. 1992), i.e. a spill-over of abundant 
species from the surrounding areas into the protected areas.  There was little 
evidence for the prediction of small protected areas being particularly sensitive 
to a decrease in community variability. Thus, even large size protected areas 
may not be buffered against negative matrix effects, and that maintaining high 
matrix quality may be important irrespectively of the size of the protected area. 
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TABLE 1 The impacts of Human footprint (II) and human land use intensity in 
the matrix (III, IV) on different diversity metrics. + and – indicate the 
responses of a diversity index on increased human impact, 0 indicates 
no response and empty cells indicate that the particular diversity metric 
was not used in the study. 
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  Alpha Beta Gamma 

II Taxonomic 0 0 0 

Functional 0 + 0 

Phylogenetic (-) 0 0 

III Taxonomic 0   

Functional +   

Phylogenetic 0   

CSI -   

IV Taxonomic  0  

Functional  -  

Phylogenetic    

CSI  0  



5 CONCLUSIONS 

This thesis shows that measuring biodiversity is not straightforward, but 
multiple metrics should always be taken into account especially when new 
protected areas are evaluated. Human impact via land-use and forestry on bird 
communities is evident but complex (I, II, III, IV). There were signals of 
negative impacts of intensive forest management on specialist species (I, III) 
and of high proportion of old-growth forest benefiting specialist species (IV). It 
is worth remembering that in (III) and (IV) I used traditional method of 
calculating SSI, even though it is suggested to be an underestimation of true 
level of specialization (I). Therefore, the responses of specialist species can 
actually be stronger than those I observed.  

There was no evidence for biotic homogenization, declines in beta-
diversity, because of human land-use intensity in taxonomic and phylogenetic 
diversity in general landscape (II) but there were clear signs of increasing 
similarity of bird communities in protected areas due to human actions (IV). On 
functional beta diversity the responses on human land-use intensity were 
interesting; in protected areas (IV) logging intensity in the matrix had negative 
impact on functional diversity suggesting functional homogenization as 
hypothesized, but in general landscape level (II) the human impact on 
functional diversity was positive, so human activities seem to increase 
differences between communities. However, this can be explained in reduced 
functional alpha diversity or increased habitat heterogeneity and new species in 
human-altered landscape, which both would increase beta diversity, and 
therefore, from conservation point of view, human impact is still considered 
negative.  

Even though decline in old-growth forest cover did not cause 
homogenization in general landscape (II), it had negative impacts on functional 
and phylogenetic alpha and gamma diversities (II). Additionally, forest 
management in matrix had negative impact on community specialization in 
protected areas (III), which indicates that species that are declining due to 
human actions are specialists, but the impact was not found when comparing 
the variation in specialization between protected areas (IV). In protected areas, 
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homogenization most probably originates from the common and more 
abundant species entering the area (IV) because of spill-over effect from the 
matrix. But because forest bird communities are already dominated by 
generalists (I), it could be that the declines of specialists due to human actions 
are hard to observe, even though they may have strong impact on functioning 
of the ecosystems. Therefore, for preventing biodiversity loss further 
conservation efforts are needed.  

Although it is well known that larger areas harbour more species, all 
biodiversity aspects, such as high phylogenetic, functional nor even taxonomic 
diversity may not be secured if conservation is based only on protecting large 
areas with high species richness. The characteristics of protected areas are the 
most important factor explaining diversity irrespective of the size (III, IV) and 
productive areas with high habitat heterogeneity seem to secure at least 
taxonomic and phylogenetic diversity and specialist species (III). However, 
traditionally protected areas are established in areas where productivity is low 
and possibilities for exploitation or resources are poor (Scott et al. 2001). And 
even if areas themselves are of good quality, degraded matrix will have impact 
on bird communities, which can be seen in increasing similarity of bird 
communities, thus, homogenization (III, IV). Furthermore, the response of 
functional diversity to environment seems to be much more complex than of 
taxonomic and phylogenetic diversities (II, III) even though part of this 
complexity can be explained by calculation and fundamental properties of 
diversity indexes. 

Interestingly, the results suggest that for maintaining all diversity aspects 
of forest bird communities in boreal zone, the conservation efforts should be 
targeted on good quality habitats with large proportion of old-growth forest, 
and maintaining or improving the habitat quality within the protected areas 
rather than enlarging the size of current protected areas (III, IV).  Nevertheless, 
the quality of the surrounding matrix plays important role, too (III, IV). There 
were some signals of matrix impacting community homogenization when 
matrix quality was low. Thus, the ability of protected area network to maintain 
regional species pool may be reduced in low quality matrix. Therefore more 
protected area or improved quality is needed for the same conservation effect 
when the protected areas are embedded in low quality matrix. However, this 
thesis concentrates only on birds that have relatively good dispersal ability, and 
in other species groups the responses could be different. 

In conclusion, the most important message of this thesis is, that to really 
understand biodiversity or how protected area network is able to maintain 
diversity, various aspects of biodiversity in all spatial scales should be 
considered. It is also of great importance to understand that in biodiversity 
more is not necessarily better, but each area and patch has its own natural state 
of diversity, and human-induced declines, but also increases, to this baseline 
denote unwanted changes in the communities and the whole ecosystems. With 
the global change and growing demand and exploitation of natural resources, 
these complex relations with different diversity metrics and scales and 



36 

especially applying them in conservation sets growing demand of co-operation 
with scientists and conservation planners. 
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YHTEENVETO (RÉSUMÉ IN FINNISH) 
 

Metsien lintuyhteisöjen biologinen samankaltaistuminen ihmistoiminnan 
vaikutuksesta 

 
Kasvavan ihmiskunnan vaikutukset alkuperäisluonnon monimuotoisuudelle 
ovat mittavia. Ilmastonmuutos, saasteet, elinympäristöjen tuhoutuminen ja nii-
den laadun heikkeneminen sekä ihmisen mukana leviävät vieraslajit vaikuttavat 
kaikki osaltaan monimuotoisuutta alentavasti. Luonnon monimuotoisuuden 
mittaaminen ei kuitenkaan aina ole yksiselitteistä. Yksinkertaisimmillaan moni-
muotoisuuden mittana voi olla lajimäärä tai kunkin lajin runsauden huomioon 
ottava taksonominen monimuotoisuus. Keskityttäessä pelkästään lajeihin ja nii-
den runsauteen on kuitenkin vaarana kerättävän tiedon puutteellisuus ja yksi-
puolisuus, ja vertailtaessa esimerkiksi lajiston säilymistä metsäalueella tietyllä ai-
kajaksolla virhetulkintojen mahdollisuus voi kasvaa. Mikäli tarkastelun koh-
teena on vain lajimäärä, voivat vaikkapa jotkin vanhaan metsään erikoistuneet 
lajit hävitä alueelta ja tilalle voi tulla elinympäristövaatimuksiltaan väljempiä ge-
neralisteja. Tällöin lajimäärä säilyy samana, vaikka lajiyhteisön muutos olisi to-
dellisuudessa merkittävä. 

Lajimäärän ja taksonomisen monimuotoisuuden lisäksi onkin kehitetty 
useita monimuotoisuuden mittareita. Funktionaalinen eli toiminnallinen moni-
muotoisuus puolestaan kuvaa eliöyhteisön lajien resurssien käytön kirjoa ja te-
hokkuutta, ja korkean toiminnallisen monimuotoisuuden on todettu lisäävän 
ekosysteemien tuottavuutta. Fylogeneettinen monimuotoisuus perustuu lajien 
sukulaisuussuhteisiin ja siihen kuinka etäistä sukua lajit toisilleen ovat. Fyloge-
neettinen monimuotoisuus heijastaa nykyisen yhteisön evolutiivista historiaa, 
mutta fylogeneettisesti monimuotoinen yhteisö voi myös parantaa yhteisön sie-
tokykyä ympäristönmuutoksille. Nämä monimuotoisuutta kuvaavat mitat ovat 
usein keskenään korreloituneita, mutta kertovat kuitenkin eri asioista. Esimer-
kiksi kahden yhteisön taksonominen monimuotoisuus voi olla sama, mutta lajis-
ton fylogeneettinen historia tai toisaalta toiminnallisuus voivat olla tyystin erilai-
sia. 

Muutokset lajien erikoistumisasteessa voivat myös kertoa yhteisössä tapah-
tuvista muutoksista. Erikoistuneiden lajien ekolokero on yleensä kapea, eli ne 
hyödyntävät vain pientä osaa tarjolla olevista resursseista. Niiden käytössä eri-
koistuneet lajit ovat kuitenkin yleensä tehokkaita, ja usein erikoistuneet lajit ovat 
toiminnallisesti erityisiä. Siten erikoistuneiden lajien väheneminen voi johtaa 
alentuneeseen toiminnalliseen monimuotoisuuteen, mikä puolestaan voi johtaa 
yhteisöjen samankaltaistumiseen. Toisaalta toiminnallinen monimuotoisuus voi 
säilyä muuttumattomana, vaikka hävinneiden erikoistuneiden lajien tilalle tulisi 
generalisteja. Siten yhteisön toiminnallisuus säilyy, mutta resurssien käytön te-
hokkuus voi alentua merkittävästi. Erikoistumisasteen tutkiminen voikin oleelli-
sesti täydentää muilla monimuotoisuuden mittareilla saatuja tietoja. 
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Tässä väitöskirjatyössä selvitin aluksi onko lajien erikoistumisasteella eroa 
eri eliömaantieteellisten alueiden välillä, ja ovatko metsälinnut keskimäärin eri-
koistuneempia kuin toisenlaisia elinympäristöjä käyttävät lajit. Työssä selvitin 
myös ovatko paikkalinnut keskimäärin erikoistuneempia kuin muuttolinnut. 
Nämä tiedot ovat tärkeitä lajiston uhanalaistumisen riskiä arvioitaessa ja suoje-
lualueita perustettaessa. Seuraavaksi selvitin ihmistoiminnan, erityisesti metsien 
hakkuiden, vaikutuksia boreaalisen vyöhykkeen metsien lintuyhteisöihin. Tutki-
muksen erityisenä kohteena olivat monimuotoisuuden eri muodot ja mittarit, ja 
erityishuomiota kiinnitetään elinympäristöönsä erikoistuneisiin lajeihin. Ihmisen 
aiheuttamasta elinympäristömuutoksesta ja sen vaikutuksista luonnon moni-
muotoisuuteen on julkaistu valtava määrä tutkimuksia, mutta suojelualueiden 
kyvystä ylläpitää monimuotoisuutta julkaisuja on vähän. Erityisen vähälle huo-
miolle ovat jääneet boreaalisen vyöhykkeen suojelualueet. Paine metsien ja niistä 
saatavien jalosteiden ja hyödykkeiden käytön lisäämiselle on viime aikoina li-
sääntynyt, joten suojelualueiden merkitys metsäluonnon suojelussa korostuu. 
Tutkimuksissa selvitin myös eroavatko eri monimuotoisuusmittojen vasteet ym-
päristömuutoksiin yleisimmin käytetyn taksonomisen monimuotoisuuden vas-
teesta. Beta-diversiteetti kuvaa tietyn alueen lajiyhteisöjen eroavaisuuksia. Tut-
kimalla ihmisen aiheuttaman ympäristömuutoksen vaikutuksia yhteisöjen väli-
siin eroihin voidaan tehdä päätelmiä biologisesta samankaltaistumisesta. Tämän 
tutkimuksen tarjoamalle tiedolle ihmisen toiminnan vaikutuksista monimuotoi-
suudelle ja toisaalta eri monimuotoisuusmittareiden välisistä suhteista on var-
masti käyttöä monimuotoisuuden suojelussa, kun paine luonnon tarjoamien re-
surssien hyväksikäyttämiseksi kasvaa. 

Ensimmäisessä osatutkimuksessa perehdyin kahden metsienkäsittelyhisto-
rialtaan erilaisen boreaalisella vyöhykkeellä sijaitsevan alueen, Suomen ja Min-
nesotan linnuston erikoistumistason eroihin ja yhtäläisyyksiin. Tutkimuksissa 
havaitsin, että lintujen erikoistumisessa elinympäristöönsä on eroa näiden kah-
den alueen välillä. Kuitenkin hypoteesien vastaisesti Suomen metsälinnut osoit-
tautuivat keskimäärin erikoistuneemmiksi ei-metsälintuihin verrattuna, kun taas 
Minnesotan ei-metsälinnut olivat selvästi erikoistuneempia. Tämä selittyy aluei-
den erilaisella historialla. Jääkauden aikaan Euroopan metsät olivat pirstoutu-
neita, jolloin voimakas valinta on johtanut lajien sopeutumiseen, eli siis erikois-
tumiseen, kuhunkin metsäfragmenttiin, ja metsien jälleen levitessä laajemmalle 
lajit ovat säilyttäneet oman ekolokeronsa. Pohjois-Amerikan ruohostomaiden la-
jit ovat kokeneet samanlaisen valintapaineen jääkauden aikana, jolloin metsät 
yleistyivät ja laajat ruohostomaat pirstoutuivat.  

Suomen metsälajisto oli erikoistuneempaa myös yhteisötasolla, eli lajien yk-
silörunsaudet huomioiden, mutta Suomessa lajien ja yhteisöjen keskimääräisen 
erikoistumisen ero oli melko suuri, mikä viittaa siihen, että Suomessa erikoistu-
neiden lajien yksilömäärät ovat pieniä. Tämä puolestaan viittaa siihen, että met-
sien käsittelyllä on vaikutusta erityisesti metsiin erikoistuneiden lajien esiintymi-
seen ja runsauteen. 
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Toisessa osatutkimuksessa havaitsin, että lisääntynyt ihmisvaikutus vai-
kuttaa Minnesotan metsälintujen monimuotoisuuteen, mutta hieman toisin kuin 
odotettiin. Yhteisöt eivät samankaltaistuneet taksonomista, toiminnallista tai 
fylogeneettista monimuotoisuutta tarkastellessa, vaan toiminnallinen monimuo-
toisuus näytti jopa lisääntyvän ihmisvaikutuksen kasvaessa. Syy voi kuitenkin 
piillä beta-diversiteetin laskentatavassa, sillä sen voidaan olettaa kasvavan pai-
kallisen monimuotoisuuden aletessa tai alueellisen diversiteetin kasvaessa. 
Koska myöskään metsien väheneminen ei tulosten mukaan aiheuta yhteisöjen 
samankaltaistumista, voi selitys löytyä historiasta. Alueen luonnonmetsät hävi-
tettiin lähes tyystin 100–150 vuotta sitten, ja onkin todennäköistä, että lintuyhtei-
söt ovat jo aiemmin kokeneet niin suuria muutoksia, ettei nykyinen, aiempaan 
verrattuna maltillinen ihmisvaikutus aiheuta lisämuutoksia yhteisöihin. Kuiten-
kin metsien väheneminen alensi paikallisesti sekä toiminnallista että fylogeneet-
tista monimuotoisuutta, ja vaikutus näkyi heikkona myös alueellisessa moni-
muotoisuudessa. Tarkasteltaessa jälleen beta-diversiteetin laskentatapaa, huo-
mataan, että sekä alueellisen että paikallisen monimuotoisuuden vähetessä yh-
teisöjen väliset erot eivät välttämättä muutu, jolloin beta-diversiteettikin säilyy 
muuttumattomana. 

Suojelualueet on perustettu säilyttämään alkuperäistä luontoa ja suojele-
maan sitä ihmisvaikutukselta. Kuitenkin monissa tutkimuksissa on todettu, että 
suojelualueet eivät ole itsenäisiä yksiköitä, vaan jatkuvassa vuorovaikutuksessa 
ympäristönsä kanssa. Kolmas ja neljäs osatyö keskittyivätkin tutkimaan, miten 
metsien käsittelyn intensiteetti vaikuttaa metsiensuojelualueiden kykyyn ylläpi-
tää erikoistuneita ja toiminnallisesti monimuotoisia lintuyhteisöjä. Kolmannessa 
osatutkimuksessa havaittiin, että metsiin erikoistuneet lajit olivat vähälukuisem-
pia niillä suojelualueilla, joiden ympäristössä metsien käsittely oli ollut voima-
kasta. Suojelualueita ympäröivien metsien käsittely näkyi myös toiminnallisesti 
samankaltaisten lajien vähenemisenä, mikä voi haitata ekosysteemin toimintaa. 
Kuitenkin tärkein lajimäärään vaikuttava tekijä oli suojelualueen laatu. Neljäs 
osatutkimus tuki tätä tulosta, sillä alueen laatu, eli vanhan metsän määrä, oli tär-
kein lintuyhteisön koostumusta muokkaavista tekijöistä. Vähän vanhaa metsää 
sisältävillä alueilla yhteisön erikoistumisaste oli myös alhainen. Sen sijaan suoje-
lualueen ympäristön laadulla ei ollut suoraa vaikutusta lintuyhteisöihin. Tutki-
muksessa kuitenkin havaittiin selviä viitteitä ympäristön vaikutuksesta yhteisö-
jen samankaltaistumiseen: lintuyhteisöt, jotka elivät nuoren metsän ja hakkuu-
alueiden ympäröimillä suojelualueilla, olivat keskenään samankaltaisempia ver-
rattuna yhteisöihin, joita ympäröivillä alueilla oli paljon vanhaa metsää. Lisäksi 
huonolaatuisessa ympäristössä olevien alueiden yhteisössä runsaslukuiset lajit 
olivat runsaampia kuin hyvälaatuisessa ympäristössä sijaitsevilla alueilla. 

Tutkimusten perusteella voidaan sanoa, että ihmisen toiminnalla ja metsien 
käsittelyllä on monenlaisia vaikutuksia metsälintuihin ja niiden yhteisöjen koos-
tumukseen. Monimuotoisuuden mittaaminen ei kuitenkaan ole aivan yksiselit-
teistä, ja erityisesti toiminnallisen monimuotoisuuden muutokset ja niiden tul-
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kinta vaativat huolellisuutta. Lisäksi beta-diversiteettiä laskettaessa ja sen muu-
toksia tulkittaessa tulee huomioida myös muut monimuotoisuuden tasot, joiden 
vaikutus beta-diversiteettiin saattaa olla merkittävä. 
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Abstract

Species assemblages are reflecting the changes in deep history, as major environmental

changes have had different impacts on species traits. The circumpolar boreal forest

biome is dominated by forests, and similarities in forest dynamics as well as in species

assemblages have been observed.  In Palearctic region, during Pleistocene glaciation

forest habitat was severely fragmented. In Nearctic, the Ice Age was more favorable for

forests, but the grasslands have become more abundant ever since. These differences in

species evolutionary history are expected to be reflected in the level of species habitat

specialization.

Human induced changes in the environment modify species assemblages. Specialist

species are efficient in resource use, and important for the functioning of the

ecosystems. However, they are often sensitive for environmental degradation and

worldwide decline of specialist species has been observed. In forest habitat, logging is

the most important driver of habitat degradation, and its impacts are expected to be

observed in specialization level of forest bird communities.

In this paper, we introduce an improved species specialization index (SSI) for

calculating species habitat specialization. Using this method, we studied differences in

the level of species habitat specialization between Nearctic and Palearctic bird species.

We also studied average level of specialization in extant bird assemblages in the two

biogeographical regions. We used point count data from Finland and Minnesota, USA

to address if between-region differences in their deep evolutionary history and in

current level of forest management intensity is reflected into species and assemblage

level habitat specialization.

We showed that traditional method of calculating species habitat specialization (SSI) is

underestimating the true level of specialization and we therefore recommend

acknowledging within-habitat variation in species abundances when estimating habitat



specialization. We did not find major differences in general specialization level of bird

species. We found that forest birds in Palearctic are more specialized in their habitat

than non-forest birds, whereas in Nearctic non-forest birds tend to be more specialized.

We suggest that this is a reflection of the environmental changes in deep history,

especially during the Pleistocene glaciation. We also found support for our hypothesis

of the degrading impact of forest management on the level of specialization of forest

bird communities and, thus, for biotic homogenization.

Introduction

Specialization of species has gained a lot of attention for a hundred years (Grinnel

1917; Levins 1968; Julliard et al. 2006; Belmaker et al. 2012). It is an increasingly timely

topic because biotic homogenization, originating from the decline of specialist species,

is a worldwide phenomenon with severe and partly unpredictable consequences

(Clavel et al. 2011). It has been suggested that specialism is a result of a long lasting

evolutionary process of which generalists are still underway (Julliard et al. 2006).

Stable environment benefits specialist species, and for long it has been suggested that

species niches are widening with latitude, or species on average are increasingly more

specialized when moving towards tropics (MacArthur 1972). But even if specialists are

masters of using a particular resource or habitat, they are not very good competitors,

and in communities where generalists are abundant, the number of individuals of

specialist species is usually low (Julliard et al. 2006). Specialist species are also often

considered poor in dispersal (Devictor et al. 2008b) even though intuitively in areas

where resources vary between seasons and years dispersal must be essential for

specialist species to survive.

In addition to being a species trait, the level of specialization is also a characteristic of

species assemblages. The way an assemblage functions is influenced by the relative

amount of specialist and generalist species. Even though specialist species are not very

abundant in most cases, for the functioning of ecosystem they are of great importance.

Their functions often complement each other in the use of resources in a community.

Specialists are efficient in the use of the resources they are specialized on whereas

generalists are less efficient, i.e. “jack-of-all-trades but master of none”(MacArthur

1972). It has been shown that decrease in functional diversity resulting from the decline

of specialist species is impairing the functioning of whole ecosystems (Clavel et al.



2011). Increasing level of specialization facilitates species richness by allowing a larger

number of species to co-exist because niches of specialists are usually narrow (Chase &

Leibold 2003). Studying specialization may help to understand how global

environmental changes affect community dynamics (Barnagaud et al. 2011). Therefore,

studying the degree to which species and their communities are specialized and

preventing the decline of specialist species is of great importance.

Evolutionary history is reflected in present regional species assemblages. Regions

where the impacts of major historical disturbances have been more severe have likely

changed the most and species that survived best through the major disturbances are

now dominating. For example, taxonomic diversity of tree species as well as forest-

associated birds and mammals is smaller in the western Palearctic region than in the

eastern Palearctic or in the Nearctic region (North America) (Mönkkönen & Viro 1997).

These differences trace back to the long-term history of forest biomes in these regions

(Latham & Ricklefs 1993). For example the effects of the Ice Age on forests have been

more drastic in the western Palearctic region than elsewhere on the northern

Hemisphere (Mönkkönen & Welsh 1994). During the Pleistocene glaciations,

continuous forests were completely eliminated from the Western Palearctic region. The

remaining forests together with their bird assemblages were even more effectively

isolated from Afrotropical biomes than today because drier climate enlarged the

Saharan desert and shrunk tropical forests during glaciations. Among forest birds,

Pleistocene conditions in Europe obviously selected for habitat generalism (low habitat

availability), good colonization ability (large-scale forest fragmentation) and residency

(shortage of wintering habitats in the Afrotropics). In the Nearctic region, both the

temperate and boreal forest biomes remained far more extensive than the European

forests. Moreover, closer contact with the tropical forests to the south was

uninterrupted throughout the Pleistocene in these regions (Roberge et al. 2018) making

habitat specialism and migration more feasible strategies among Nearctic birds. For

species associated with non-forested habitats the historical conditions can be

hypothesized to have favored opposite patterns, i.e. higher level of habitat specialism

among the Palearctic than among the Nearctic birds.

Human induced loss and degradation of habitats together with climate change and

pollution are considered the most severe threat to biodiversity (Sala 2000; Travis 2003;

Hooper et al. 2012). Specialist species are often considered more sensitive to human-



induced environmental changes than generalists, and it has been shown that specialists

are declining in all taxonomic groups as a consequence of habitat degradation

(Devictor & Robert 2009; Clavel et al. 2011). Simultaneously, generalists are increasing

and replacing specialists. This phenomenon is known as biotic homogenization

(McKinney & Lockwood 1999). Mechanistically, biotic homogenization results from

habitat filtering (Keddy 1992), where individuals and species whose traits are suitable

for given habitats are selected from the regional pool. Therefore, areas where human

impact is strong habitat filtering favors less specialized species and results in more

homogeneous local and regional species assemblages (Häkkilä et al. 2017).

Boreal forests in the Nearctic and Palearctic regions differ not only in terms of deep

evolutionary history but also in terms of human-induced environmental changes.

Large areas of boreal forest in the Nearctic and eastern Palearctic areas remain

unmanaged (Potapov et al. 2008) but particularly in Fennoscandia, the westernmost

end of the Palearctic, forest management for timber production has been intense

(Burton et al. 2010). For example, in Finland 91% of forests are in wood production

(Kortesmaa & Jokela 2017). Consequently, the impact of forest habitat degradation can

already be seen, as bird populations are declining and as much as 20% of forest birds

are in the Finnish Red List (Tiainen et al. 2016). By contrast, in western Great Lakes

region of North America, on the southern border of boreal zone, commercial forestry

exists but forestry is far less intense than in Fennoscandia. Most forest bird populations

in the Great Lakes regions are either stable or even increasing (Niemi et al. 2016). Thus,

we may assume that habitat filtering selects for different traits in the intensively

managed Fennoscandian forests than in less managed Great Lakes region of the

Nearctic.

In this paper, we address if habitat specialization at the level of species traits and in

regional bird assemblages differ between two biogeographical regions with different

evolutionary history and different current land-use. Because of reasons in deep

evolutionary history of the northern hemisphere biomes, at the species trait level, one

may expect Nearctic forest bird species to show higher average levels of habitat

specialization than Palearctic forest birds. We contrast forest birds with non-forest

birds because of non-forest birds should show the opposite pattern. We also study if

there are differences in specialization between different migratory groups. It has been

suggested that resident birds are more specialized than migratory species because they



live all year round in their breeding grounds (Imbeau et al. 2001). Evolutionary history

has likely favored migratory strategy more in the Nearctic than in the Palearctic region,

and thus, this may affect overall level of specialization between the regions. At the

regional assemblage level, the effects of habitat filtering are further rendering specialist

strategy less favorable in Fennoscandian boreal landscapes than in the Great Lakes

region, and therefore, we may expect an increase in dominance of generalists in

intensively managed Fennoscandian landscapes and thereby a lower level of

specialization in the regional species assemblages.

This information is important both in conservation planning and in scientific studies

that use large data sets from different regions. Studying the possible differences

between areas differing in logging intensity and history will help to understand the

complex effects of environmental change on biodiversity. If there are differences in

habitat specialization of bird fauna between biogeographical regions, it may affect the

sensitivity of species on habitat degradation and disturbance. Further, if there are

differences in abundances of specialists between two regions our study may show the

impacts of long-term disturbances and reveal the mechanisms of biotic

homogenization. That gives new insights on protection of species and should also be

taken into account in conservation planning.

Material and methods

Bird data

For this study we use point count data of breeding birds in two continents. First, point

count data from the common bird monitoring project (CBMP) conducted between 1984

and 2016 (Koskimies & Väisänen 1991; Laaksonen & Lehikoinen 2013) in the whole of

Finland was used to calculate the level of habitat specialism of individual species

(Julliard et al. 2006) and in the regional assemblage (Devictor et al. 2008a). CBMP is

based on voluntary point count routes, each established by a birdwatcher who is

conducting the counts. The route has 20 points which are counted in one morning,

preferably around the same time each year by the same observer. To avoid

pseudoreplication we used only the data from the first year in which a route was

censused. In CBMP, each station is located in a uniform habitat within 50 m of the

station. Habitat type is classified into 17 classes (Appendix 1).



Second, we used Minnesota Breeding Bird Atlas (MNBBA) data conducted 2009-2014

in the state of Minnesota. The method used in MNBBA is similar to Finnish CBMP, but

the approach is more systematic and more or less evenly covers the whole state of

Minnesota. In MNBBA, the state is divided into 2775 townships, which is a 6 by 6 mile

square. Further, each township is divided into four quarters of which the northeastern

corner was systematically selected for survey. In each 3 by 3 mile square, three 10

minute point counts were conducted. The points were selected so that one point was in

the most common habitat of that township, second on second most common and third

was randomly selected. Within the 50 m radius surrounding the point over 50% of area

must be of uniform habitat. In MNBBA, there are 25 habitat classes (Appendix 2). For

both data we used only observations made inside 50m radius from the point.

We grouped the bird species used in this study into two habitat association groups,

forest birds and non-forest birds, based on their primary breeding habitat obtained

from literature (Alderfer 2006; Svensson et al. 2010). We also grouped the birds based

on their migration strategies into three migratory habit groups: residents, short-

distance migrants and long-distance migrants (Alderfer 2006; Svensson et al. 2010). A

species was considered resident if at least part of the population is present on breeding

grounds all year round. Species overwintering in the tropics (sub-Saharan Africa or SE

Asia  for  Finnish  birds;  south  from  the  conterminous  USA  for  MN  birds)  were

considered as long-distance migrants and the rest as short-distance migrants.

Species Specialization Index

In the last decade one of the most popular way to study specialization is Species

Specialization Index, SSI (Julliard et al. 2006). SSI is an easy and useful tool for

studying specialization even for large data sets such as bird point count data (Devictor

et al. 2008a). It describes species’ habitat specialization by comparing densities of

individuals in different habitat classes. SSI is calculated by dividing the standard

deviation of densities among habitat classes with the average density across habitat

classes. SSI yields low values for habitat generalist species that show little variation in

densities among habitat classes whereas high specialists’ densities concentrate on one

or very few habitat classes. Habitat specialization can also be applied for community

scale studies by using Community Specialization Index (CSI), which is abundance



weighted average of SSI of species in a given community (Julliard et al. 2006; Devictor

et al. 2008a).

However, SSI does not take into account variation in densities within habitat classes,

i.e. it assumes even distribution of individuals among sampling units within a class.

This creates a potential bias because species may not perceive the environmental

variation corresponding to human-created habitat categories. Therefore, SSI may

severely underestimate the level of species specialization particularly for truly

specialized species, which show marked variation in densities within a habitat class

according to finer level environmental variation. Naturally, the problem would be

solved with more detailed habitat categorization. However, when large and long term

data sets have been collected for decades, it may not be feasible to change the common

practices very radically especially if the data are collected by volunteers as, for

example, bird data often are. Therefore, we suggest a supplementary method for

calculating SSI, which takes into account the variation in abundance within a given

habitat category.

For each habitat class we derived average densities, and then calculated sample size

bias corrected species specialization index, SSIc (from this on SSI_OLD) (Devictor et al.

2008a). We suggest that in addition to sample size bias there is another source of bias in

SSI originating from within habitat variation in densities. Therefore, we further

corrected SSI_OLD for variation within habitat classes by first dividing total variance

in densities among sampling units (point count stations) into among-habitat and

within-habitat components. Subsequently, we used the within-habitat variance to

derive a correction coefficient:

1 + ( / )

where is the variance in densities within habitat class and average is the average

density among habitat classes, S is the number of sampling units and n is the number

of observed individuals. The correction coefficient equals 1 if individuals of a species

are evenly distributed across all sampling units in all habitat classes; high values

denote marked within-habitat variation. In summary, the corrected SSIc-index

(SSI_NEW) yields low values for species that is evenly distributed among habitats and

among sampling units within a habitat (generalists), and high values for species whose



individuals are concentrated in one or few habitat classes, and unevenly distributed to

sampling units within a habitat class (specialists). The original SSI was corrected for

bias caused by small sample size (Devictor et al. 2008a) and therefore also our

correction coefficient was further corrected for small sample size bias. To implement

this, a ratio of the number of sampling units and the number of observed individuals is

subtracted. However, if S/n is smaller than one, the correction factor will still be one,

not to make the original SSI smaller. We calculated this bias to all species found in our

data.  The correction factors ranged from 0 to 36.6 in Finland and in Minnesota from 0

to 67.4 while SSI_OLD varied less (0.42-3.41 in Finland; 0.50-2.37 in Minnesota).

SSI_OLD and SSI_NEW were only moderately correlated (Finland R2 = 0.116, n=75;

Minnesota R2 = 0.201, n = 78)), so actually some 80% or more of the variation in

NEW_SSI was induced by the bias from within habitat variation.  When plotting the

values (Fig 1), it can be seen that SSI_OLD tended to underestimate the true level of

specialization. This underestimation was bigger the more specialized the species is, i.e.

species that are unevenly distributed among habitat classes also tended to be unevenly

distributed among sampling units within a habitat class.

We calculated average SSI_NEW values for the total avifauna in Finnish and

Minnesotan data, and separately for forest birds vs. non-forest birds and for different

migratory groups. Finally, we calculated Community Specialization Index as

abundance weighted averages of the SSI_NEW values  (Julliard et al. 2006) for all birds

as well as forest and non-forest birds and different migratory groups in Finland and

Minnesota.

Statistical analyses

We used General Linear Model to analyze differences in Species Specialization Index of

forest and non-forest birds between two geographical areas. To analyze differences in

Community Specialization Index we used the same analyses weighted with

abundances. We also analyzed if there are differences in specialization between

different migration strategies. The analyses were completed using IBM SPSS Statistics

24 program.



Fig. 1. Relationship between old and new SSI values. The red lines represent 1:1 line, i.e. the situation

where the species are equally distributed among all points within habitats and the correction factor is 1,

and, thus, both indexes have the same value. Black line represents OLS regression between old and new

SSI values.

Results

We found no statistically significant differences in the overall habitat specialization

between Minnesota and Finland (region effect in Table 1). There was no significant

main effect of habitat association on habitat specialization (Table 1), but non-forest

birds (average SSI= 8.70; sd= 16.88) tended to be more specialized than forest birds

(average SSI= 4.70; sd= 8,62).  There was a significant interaction effect between region

and habitat association on species specialization (Table 1). In Minnesota non-forest bird

were more specialized in their habitat use than forest birds; in Finland there was no

difference between forest and non-forest birds in their level of specialization. (Table 2).

However, we did not find support for our hypothesis that forest birds in Minnesota

would be more specialized than forest birds in Finland, but the pattern is the opposite

(Table 1, Table 2). We found no effect of migratory habit on species habitat

specialization (Table 1).

We found no statistically significant differences in the overall community

specialization between Minnesota and Finland (region effect in Table 1) even though

community specialization indices were higher in all ecological groups in Minnesota

than in Finland except in forest birds and resident species (Table 2). The interaction

effect between region and habitat association, which was significant on species

specialization index, ceased to exist on community specialization (Table 1). We found

no effect of migratory habit on community specialization (Table 1).



Discussion

We found that species that are unevenly distributed among habitat classes also tended

to be unevenly distributed among sampling units within a habitat class, and that most

variation in species abundances stems from within-habitat rather than from between-

habitat variation. Thus, traditional SSI-index - even if corrected for sample size bias -

may severely underestimate the level of habitat specialization. It seems birds in general

respond to fine level habitat variation that is not captured by coarse habitat

classification. Applying a more refined habitat classification may not be possible or

even sensible in most studies.  We therefore recommend acknowledging within-habitat

variation when estimating species habitat specialization.

We acknowledge that SSI-indices between Minnesota and Finland cannot be directly

compared because of slightly different habitat classification systems (Appendix 1,

Appendix 2.) but comparisons within region can be used to address the hypotheses we

presented in the introduction.  In non-forest habitat classes there is some mismatch

between Finland and Minnesota, but in forested habitats the classifications are more

alike, which justifies the use of the comparisons in this paper concentrating on forest

birds.

We found that forest birds in Finland were more specialized than non-forest bird

species but in Minnesota the pattern was the opposite. This does not support the

hypothesis derived from biogeographic history, that forest birds in the Nearctic region

would be more specialized with respect to their habitats than forest birds in the

western Palearctic region. Actually, Nearctic forest birds showed the lowest SSI-values,

i.e. showed the highest level of habitat generalism of all ecological groups. We should

therefore reject the hypothesis that more extensive forest biomes and closer contact

with the tropical forests to the south through the Pleistocene glaciations has favoured

higher level of habitat specialism among Nearctic forest birds.

Rather it seems that reduced historical habitat availability, large scale fragmentation of

remaining forests and isolation from tropical wintering grounds – characteristics of the

Western Palearctic region - are associated with high level of habitat specialization. We

hypothesize that the fragmented Pleistocene refuges of extant western Palearctic

species may have favoured specialism via at least two mechanisms. First, it is likely

that the fragmented Pleistocene forest habitat conditions has selected against poor



dispersal ability. For example, Niebuhr et al. (2015) suggested that even a low level of

fragmentation yields drastic changes in the survival for species with poor dispersal

ability. Good dispersal ability may then have favoured specialization because good

dispersers may more readily find their favoured resources than poor dispersers. There

is no research to test if western Palearctic forest birds have better dispersal ability than

Nearctic birds, and thus, this possibility remains a question for further studies.

Secondly, fragmented and species-poor forest refugia during the latest glacial

maximum in the western Palearctic region may have favoured specialization to certain

forest types if major forest tree species were restricted to non-overlapping refugia

during the glacial periods. In this scenario, isolated forest fragments composed of few

tree species facilitated specialization in forest birds restricted to them. Unfortunately,

exact location of refugia during the latest glacial maximum still remains elusive for

most plant and animal species (Willis & van Andel 2004) and different lines of

evidence are at odds with respect to hypothesis of isolated and non-overlapping

refugia of tree and bird species. Svenning et al. (2008) suggest that climatic conditions

during the latest glacial maximum have been favourable for many boreal tree across

large areas in Central and Eastern Europe and into the Russian Plain (Svenning et al.

2008). In contrast, there is strong phylogeographic signal suggesting isolated and non-

overlapping glacial refugia for many tree and animal taxa (Taberlet et al. 1998; Brito

2005).

We found that non-forest birds in Minnesota were the most specialized group of

species but in Finland non-forest birds were the least specialized group. We suggest

that the reason is again in deep history: whereas in the western Palearctic specialism

was favored in glacial refugia of forests, in Nearctic the climatic conditions during the

Pleistocene were more favorable to forests, and grasslands were replaced by spruce

and jack pine forests (Delcourt & Delcourt 1981; Anderson 2006). Therefore we

hypothesize that the fragmented Pleistocene refuges of grasslands of the Nearctic may

have favoured specialism similarly to forest species in Western Palearctic.  After

glaciation, grasslands were abundant across North American continent and only after

European settlement the grassland habitats have degraded in such a magnitude that

grassland species have declined heavily in the past 50 years (Samson & Knopf 1994;

Sauer et al. 2017).



Counter to our hypothesis there were no significant differences in habitat

specialization between resident, short-distance and long-distance migrants. Our results

provide no support for the idea that resident birds would more specialized than

migratory species because they live all year round in their breeding grounds (Imbeau

et al. 2001).

We also observed that in both regions CSI values were lower than SSI values in birds in

general, and in all ecological groups. This suggests that generalists are more abundant

than specialists in the regional bird assemblages in both regions. In Finnish forest birds

CSI value were clearly lower than relatively high average SSI, whereas in Minnesota

the differences were moderate. Therefore, Finnish forest bird assemblages are clearly a

non-random sample of the regional avifauna. We hypothesize that this is a result of

strong habitat filtering (Keddy 1992) in intensively managed forest landscape favoring

generalists. Long-term monitoring data from Finland shows that specialist species

associated with forests tend to be declining (Valkama et al. 2011; Tiainen et al. 2016).

This is a clear indication of habitat filtering favoring generalist species. It is a recurrent

finding in literature that generalists are replacing specialists in disturbed and

fragmented landscapes (Clavel et al. 2011). In Minnesota, where forest management is

less intensive, habitat filtering is likely less severe than in Finnish forest landscapes.

This is supported by long-term trends in forest bird populations, which are mostly

stable or increasing in Minnesota (Niemi et al. 2016).

Conclusions

Our results show that despite large scale differences in deep history of forest biomes,

there are no major general differences in average habitat specialization of birds and

bird communities between two biogeographical regions. However, habitat

fragmentation during Pleistocene glaciation favored habitat specialization, and the

impacts of the Ice Age can be seen as more specialized communities in those habitats

that experienced most severe changes: forests in Palearctic and grasslands in Nearctic.

Forest birds in Finland are, on average, more specialized, but habitat filtering induced

by intensive forest management is modifying community composition and it has

stronger impacts on Finnish forest bird communities, whereas in less managed

Minnesota birds show only moderate response. In conclusion, boreal forest specialists



that survived the large scale habitat changes of the Ice Age are now declining because

of human induced forest habitat degradation. This study gives support for the many

previous studies where rapid environmental change is shown to be the fundamental

reason for biotic homogenization.
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Table 1. Results of General Linear Model explaining differences in Species Specialization Index of forest
and non-forest birds and between different migration strategies between Finland and Minnesota.

SSI CSI
df  F Sig df  F Sig

Intercept 1 23.194 0.000 1 11.484 0.001
Region 1 0.000 0.994 1 0.007 0.934
Migratory habit 2 0.009 0.991 2 0.081 0.922
Habitat association 1 1.355 0.246 1 0.988 0.322
Region*Migratory
habit

2 1.825 0.165 2 0.772 0.464

Region*Habitat
association

1 6.068 0.015 1 2.026 0.157

Migratory
habit*Habitat
association

2 2.537 0.083 2 1.315 0.272

Region*Migratory
habit*Habitat
association

2 0.132 0.877 2 0.140 0.869

Table 2. Average Species Specialization Index and Community Specialization Index (CSI) of forest and
non-forest birds and different migratory groups in Finland and Minnesota. Standard deviations in
parenthesis.

SSI Finland SSI Minnesota CSI Finland CSI Minnesota
All birds 6.11 (8.88) 8.00 (17.94) 3.16 (5.14) 6.10 (13.56)
Forest birds 8.35 (11.63) 1.48 (0.78) 2.66 (4.92) 1.19 (0.69)
Non-forest
birds

4.71 (6.35) 12.78 (22.53) 3.80 (5.34) 8.37 (15.86)

Resident birds 10.01 (8.88) 2.25 (2.95) 4.99 (7.46) 2.12 (2.18)
Short-distance
migrants

4.67 (5.38) 11.07 (23.02) 2.81 (3.61) 7.30 (15.34)

Long-distance
migrants

4.54 (7.08) 6.29 (12.91) 2.57 (4.81) 4.90 (11.02)



Appendix 1. Habitat classes of point counts in Finland

Boreal spruce dominated forest
Boreal Scots pine dominated forest
Boreal deciduous forest
Mixed forest
Shrub (Deciduous, less than 5m tall)
Conifer saplings (less than 5m tall)
Clear cut (trees and shrubs less than 1m tall)
Pine bog
Open peatland
Grassland
Cropland
Rural inhabitation (farmsteads, buildings,
orchards)
Parks
Urban areas (mainly buildings)
Mountain birch forest
Open tundra
Other



Appendix 2. Habitat classes of point counts in Minnesota

Boreal Coniferous Forest
Boreal Deciduous Forest
Boreal Lowland Grassland
Boreal Shrub Swamp
Cropland
Developed-High Intensity
Developed-Low Intensity
Developed-Medium Intensity
Lowland Coniferous Forest
Lowland Deciduous Forest
Lowland Herbaceous
Northern Hardwoods
Oak Forest
Oak Savannah
Open Water
Parkland Deciduous Forest
Pine Forest
Pine-Oak Barrens
Quarries-Strip Mines-Gravel Pits
Rural Developed Forest
Shrub Swamp
Upland Grassland
Upland Native Grassland
Upland Shrub
Urban Developed Forest
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Abstract

Studies have shown negative impacts of increased human pressures on

biodiversity at both local (alpha diversity) and regional (gamma diversity) scales.

However, the diversity between local sites (beta diversity) has received less

attention. This is an important shortcoming since beta diversity acts as a linkage

between trends at the local and regional scales. Decreased beta diversity means

that local sites lose their distinctiveness, becoming more similar to each other. This

process is known as biotic homogenisation and it is predicted to arise through the

replacement specialised native specialists with non-native generalists. However,

the mechanisms causing biotic homogenisation are still not clear and its impacts on

different  facets  of  biodiversity  have  not  been  fully  studies.  In  this  study,  we

studied how land-use change due to human actions causes biotic homogenisation

of taxonomic, functional and phylogenetic diversity in bird communities of

forested habitats in the state of Minnesota, USA. Our aim was to study if increased

human pressure, which included human population density, land transformation,

transport infrastructure, and electrical power infrastructure, was associated with

increased  similarity  of  bird  point  count  sites.  Our  results  showed  that  elevated

human pressure did not appear to be related with increased biotic homogenisation



in our study region. Interestingly, we found that increased human pressure

appeared to increase the between-site functional diversity of bird communities.

This association was driven by a decrease in local diversity, which, due to the

nature of beta diversity, led to an increase in between-site diversity. This study

highlights the importance of taking multiple facets of biodiversity into

consideration and critically considering the use of beta diversity in a conservation

setting.

Introduction
Global studies have shown that human-caused land-use changes and their

associated pressures have led to strong, consistent and accumulating negative

impacts on biodiversity (Haddad et al. 2015). Human pressures that contribute to

land use change such as agriculture, timber harvesting, and urbanisation have

significantly  modified  ecosystems  worldwide  (Foley  et  al.  2005).  Of  these,  forest

ecosystems have been especially heavily impacted by human activities, showing a

decrease in area of over 3% during just the last 25 years (FAO 2016). There are

signs that the rate of forest loss is decreasing but the proportion of managed forests

is increasing at the expense of natural forest cover (FAO 2016). In addition, an

increasing threat to forests worldwide is harvesting forests for bioenergy

(Sheppard et al. 2011). Natural forests harbour high levels of productivity,

biomass, and biodiversity (Foley et al. 2005) and decreases in their cover have the

potential to have significant negative impacts on biodiversity and ecosystem

services.

Human activities appear to impact different scales of biodiversity in different ways

(McGill et al. 2015). Studies have shown that biodiversity at the local scale (alpha

diversity) has not changed significantly through time, whereas biodiversity at the

global scale has decreased. For example, Vellend et al. (2013) showed that local-

scale plant species diversity has not significantly changed through time, and that



species increases are as common as species decreases. Similarly, Dornelas et al.

(2014) showed that time series of local species richness did not show a systematic

loss, although community composition did change. However, Newbold et al.

(2015) inferred from models based on empirical data that at a global scale, local

assemblages have lost over 13% of their species richness due to human pressures.

The discrepancy between trends in local and global biodiversity can be explained

by a spatial measure of biodiversity — beta diversity.

Beta diversity measures variation in biodiversity in space and, since it cannot be

measured directly, is derived from the total diversity of a region (gamma diversity)

and the local diversities of sampled sites. Beta diversity, in its additive form, is

calculated as gamma diversity minus the mean alpha diversity of a region

(Tuomisto 2010). In this form, beta diversity reflects absolute effective species

turnover by quantifying how much the effective species richness of an entire

region exceeds that of an average single location. A higher level of beta diversity in

a region indicates that the composition of local sites is different from each other

than in a region with a lower level of beta diversity. Thus, even though local

diversity might not show a decrease, the total diversity of a region could decrease

if the individual sites became more similar in composition. For example, uneven

losses in species between sites can lead to decreased mean alpha diversity, which

will increase the beta diversity of a region. On the other hand, the colonisation of

specialists into new sites can increase mean alpha diversity (McCune and Vellend

2013), leading to a decrease in the beta diversity of a region. This holds for both the

additive and multiplicative forms of beta diversity. Thus, in a conservation setting,

maximising beta diversity could lead to negative impacts on local biodiversity

(Socolar et al. 2016).

Increasing similarity between local sites (decreased beta diversity), is a process

known as biotic homogenisation (Olden 2006). Biotic homogenisation has been

shown to be a global phenomenon, occurring in almost all taxonomic groups



(Baiser et al. 2012) and resulting from human land-use intensification, including

urbanisation (McKinney 2006) and intensive agriculture (Ekroos et al. 2010).

Human activities causing the introduction of exotic and invasive species and

extinctions of native species have the potential to cause species composition in

different sites to become more similar (Baiser et al. 2012). Local species extinctions

often involve specialists with narrow dietary and habitat preferences, and they are

often replaced by generalists that can withstand fluctuating environmental

conditions and human-built environments (McKinney and Lockwood 1999, Clavel

et al. 2011). These generalists have often been described as species with global

ranges but there is evidence that they are often native species (La Sorte and

Boecklen 2005). Since specialists, by definition, possess specialised functions, their

loss in a community decreases functional diversity. Functional diversity is of

special concern for human well-being as it is an important component of

ecosystem functioning, which is the basis of the ecosystem services that humans

depend on (Cardinale et al. 2012). There is already evidence that the loss of

biodiversity is creating an ecosystem services debt that will be exacerbated by

continuing biodiversity loss (Isbell et al. 2015), with potential decrease in the

resilience of ecosystem functions (Oliver et al. 2015). In addition, specialised

species often have unique phylogenetic histories, the loss of which decreases the

phylogenetic diversity of communities. Since biotic homogenisation, and many

other phenomena related to biodiversity, has been studied mainly from the aspect

of  the  number  of  species  (taxonomic  diversity)  we  still  have  a  limited

understanding of how different facets of biodiversity respond to human activities.

We studied how land-use change due to human actions causes biotic

homogenisation in bird communities of forested habitats in the state of Minnesota,

USA. Our aim was to study if an increasing human footprint, which includes

human population density, land transformation, transport infrastructure, and

electrical power infrastructure, causes bird communities to become more similar to



each other (decreased beta diversity) as predicted by biotic homogenisation theory.

We also addressed if biotic homogenization is associated with changes in regional

forest cover, which would be expected based on the overall negative effects that

habitat loss has on biodiversity We controlled for factors known to impact

biodiversity, including habitat diversity, net primary productivity, and

temperature (Qian 2010). We studied this phenomenon from the taxonomic,

functional and phylogenetic viewpoints. We predicted that increased human

footprint and forest change would lead to decreased diversity between bird count

sites, visible as decreased beta diversity. We also expected taxonomic, functional,

and phylogenetic diversity to show different sensitivities to human influence

(Devictor et al. 2010).

Methods

Study design
Bird point count data were collected between 2009 and 2014 as part of the

Minnesota Breeding Bird Atlas (MNBBA; Pfannmuller et al. (2017)). The goal of the

MNBBA was to systematically sample breeding birds across the state by collecting

data in each township of the state. Townships measure approximately 93 km2 (6 x

6  miles)  and  were  developed  by  the  Public  Land  Survey  System  (PLSS).  Within

each township, three point locations were selected. The first point was placed in a

random land use class, the second point represented the most common land use

class in the township, and the last point was placed in the second most common

land use class in the township. Land use data were derived from the 2001 National

Land Cover Database (Homer et al. 2004). Counts were conducted primarily on

secondary roads; large, paved roads such as state or federal highways were

avoided. Townships in roadless areas such as the Boundary Waters Canoe Area

Wilderness, Voyageurs National Park, and the Red Lake Peatland were sampled

from trails, portages, and water by hiking, biking, boat, or canoe. For the purposes



of this study, the townships in Minnesota were combined into 617 units, each

comprising four townships and measuring roughly 19.3 x 19.3 km (12 x 12 miles).

Each unit formed a square, except for a few specific areas where irregular units

constructed  from  one  to  four  townships  were  used.  Units  were  developed  by

selecting a random township, which was used as the north-eastern square of the

first  unit.  Subsequent  units  were  then  formed  using  the  first  unit  as  a  reference

point until the entire state was covered.

The  primary  objective  of  the  MNBBA  point  counts  was  to  insure  equal  and

consistent sampling of the bird community across the state of Minnesota. This

included a random sampling approach and standardization of effort in gathering

data within each township. Individuals participating in the gathering of point

counts  were  required to  pass  a  test  of  86  bird species  songs  or  have more  than 5

years of field experience in counting birds with point counts in Minnesota. Those

gathering data on point counts were also tested by audiologists to insure their

hearing ability was in normal ranges and they participated in three days of

“standardisation” in point count data gathering with an experienced field

ornithologist.

During  a  10-minute  point  count,  all  birds  seen  or  heard  were  recorded  (i.e.,

unlimited distance) but distances from the point were estimated to allow habitat-

specific data to be used (observations within 25, 50, 100 m, and > 100 m of the

census point). Point counts were completed from the last week of May (in southern

MN) to the second week of July (northern MN) from 2009 to 2014. Most counts

were completed in June. Point counts were gathered from approximately 0.5 hour

before to four hours after sunrise on days with little wind (< 15 km/hr) and little or

no  precipitation.  Extensions  from  sunrise  to  6  hours  were  allowed  for  counts  in

western MN due to the high proportion of windy days and based on the

experience of ornithologists in that region. All points were located and marked



with a GPS device, cover type of vegetation visually estimated, and pictures taken

in the two directions perpendicular to the road.

A total of 7070 MNBBA counts were performed between May 2009 and June 2014.

Abundances of birds identified to the species level within 100m of the MNBBA

point were used since the habitat classification was conducted at the same spatial

scale (see below). For the analyses in this study we used MNBBA points located in

forested land cover classes. To ensure that the dominant habitat being sampled

was forest, we first calculated the proportion of landcover types within 100m of

each MNBBA count location using the ‘isectpolyrst’ tool in Geospatial Modelling

Environment version 0.7.3.0 (Beyer 2012). Landcover classes were derived from the

LANDFIRE dataset (Rollins et al. 2006). One hundred and fifteen cover types in the

LANDFIRE Existing Vegetation Type database were consolidated and reclassified

into 25 classes representing the land-use and habitat available in Minnesota. Each

count location was characterized by the dominant (highest proportion) landcover

type. All counts with any of the following dominant landcover classes were

considered forested; lowland deciduous forest, northern hardwoods, pine forest,

boreal deciduous, oak forest, parkland deciduous forest, boreal coniferous,

lowland coniferous, rural and urban developed forest, pine-oak barrens and oak

savannah. For those MNBBA points that had been counted more than once we

selected the earlier observation. We used MNBBA points located at least 200m

from each other (twice the distance of the bird count radius) to avoid overlap

between bird counts. From pairs of MNBBA points located under 200m from each

other we selected the earlier observation, and if both points had the same date one

was chosen randomly. For calculating bird community diversities, we only used

units that had at least 3 MNBBA points located in a forested land use class (2217

forested MNBBA points in 287 units). We determined 3 points to be the minimum

number of communities to reliably estimate beta diversity.



Calculation of beta diversities
Within each unit we calculated taxonomic, functional, and phylogenetic beta ( )

diversities with Rao’s quadratic entropy using R functions developed by de Bello

et al. (2010) The Rao index measures dissimilarity by summing total dissimilarity

and weighting it by species proportions. In addition, the Rao index makes it easy

to incorporate alternative measures of biodiversity by taking into account distances

(e.g. functional or phylogenetic) between pairs of species (de Bello et al. 2010).

We calculated  as the total diversity of a unit ( ) minus the average diversity

of MNBBA points ( ) within a unit. We then calculated  as the proportion

of  explained by . By taking the number of forested bird count points into

account, we were able to compare the proportion of  explained by  between

units with differing numbers of points. In addition, using a proportional measure

of  enabled us to directly compare the proportion explained by different facets

of biodiversity (taxonomic, functional, and phylogenetic).

Taxonomic diversity measures were calculated using species abundance data

collected from MNBBA bird count locations. We calculated functional diversity by

using numerical data on the diet composition, foraging stratum, activity time and

body size from the dataset produced by Belmaker and Jetz (2015). Bird species

were limited to those species found in our data, and functional distances were

calculated with the daisy function in the R package cluster using Euclidean

distances. Functional distances were scaled between 0 and 1 and used as a distance

matrix in the calculation of diversity metrics. For the calculation of phylogenetic

diversity, we downloaded a set of 1000 randomly chosen phylogenetic trees from

the  BirdTree  database  (Jetz  et  al.  2012),  limited  to  the  bird  species  found  in  our

data. We used the consense function from the PHYLIP package (v.3.695) to create a

single unrooted consensus tree using the 50% majority rule. This included all

species that appeared in more than 50% of the trees. A phylogenetic distance

matrix for all species in our data was calculated with the distTips function from the



adephylo R package, using the sums of branch lengths. These distances were then

scaled between 0 and 1 and used to calculate phylogenetic diversities.

Calculation of explanatory variables
Human influence was estimated using the human footprint index (HFI) developed

by the Wildlife Conservation Society and the Center for International Earth Science

Information Network (2005). The HFI uses nine datasets describing four proxies of

human influence measured between 1995 and 2004: population density, land

transformation, accessibility, and electrical power infrastructure (Sanderson et al.

2002). Each 1km2 grid cell  in the global dataset was given a value ranging from 0

(low level) to 10 (high level) for each dataset. The nine values for each grid cell

were summed and for each biome, the cell with the lowest value got a value of 0,

and the cell with the largest value got a value of 100. The HFI data was clipped to

the state of Minnesota, and the average HFI value for each unit was calculated. HFI

values in our study area summarised human influence well, as seen in the

correlation coefficients between HFI and total population, road density, and cover

of human land-use classes (Appendix 1).

In addition to studying the impact of general human influence we also wanted to

study how changes in forest cover influence biodiversity. In the state of Minnesota,

areas experiencing forest change and those with high human influence are clearly

separate (Appendix 1, Appendix 2a & b). We quantified forest change from the

global forest change dataset developed by Hansen et al. (2013). The dataset uses

Landsat data to identify stand-replacing disturbances or the total removal of tree

canopy cover within each pixel. Using these data, we were able to quantify gross

forest loss and gain at an annual frequency between 2000 and 2014. For each unit,

we calculated the percent cover of forest change between 2000 and 2014. However,

there was no reliable way of systematically separating forest change caused by

humans from change caused by natural events such as forest fires and storms.

There were four units that had been significantly impacted by three large forest



fires (Cavity Lake (2006), Ham Lake (2007), and Pagami Creek (2011) fires). Since

the results from models run with and without the affected units did not change

significantly, we decided to keep these units in the analyses.

In addition to variables describing human-caused changes in the environment, we

also took into account abiotic variables known to impact biological diversity (Qian

2010). Habitat diversity for each unit was quantified by calculating the mean alpha

diversity of habitat classes within units. Habitat classes were derived from the

LANDFIRE reclassification described above. Temperature and precipitation are

both know to impact biodiversity but due to high variance inflation (Zuur 2007) in

the  models  where  both  variables  were  included  we  decided  to  include  only

temperature. For each unit, we calculated the mean temperature measured

between 1980 and 2010 from data created by the PRISM Climate Group (PRISM

Climate Group, Oregon State University in press). Information about net primary

production  (NPP)  was  obtained  from  remotely  sensed  data  collected  by  the

MODIS instrument at a 1km resolution. The algorithm that produces NPP values

takes into account vegetation characteristics, meteorological measurements and

land  cover  class  and  estimates  NPP  as  kg  of  carbon  sequestered  in  the  form  of

biomass per square metre per year (Zhao et al. 2005). For each unit, we averaged

NPP values between 2004 and 2014.

Statistical models
We constructed linear models to analyse the influence of human footprint, forest

change, habitat diversity, temperature, NPP, and the number of forested MNBBA

count locations on taxonomic, functional, and phylogenetic beta diversity. In

addition, to aid in interpreting the results, we also analysed the influence of the

explanatory variables on alpha and gamma diversity of the three facets of

biodiversity. The results for alpha and gamma diversities can be found in

Appendix 3. We checked all models to ensure that the variance inflation factors

(VIF) of the explanatory variables were under 3 (Zuur 2007). Correlations between



explanatory variables can be found in Appendix 4 and VIF values for all models

can be found in Appendix 5.

We  visually  inspected  the  residuals  of  all  models  to  ensure  that  they  were

normally distributed, and tested residuals for spatial autocorrelation. Spatial

autocorrelation of residuals was tested with a permutation test for the Moran’s I

statistic using 1000 permutations. All of the residuals from models explaining

taxonomic diversity and models explaining alpha and gamma diversity for

functional and phylogenetic diversity were normally distributed. The residuals for

functional and phylogenetic beta diversity were right skewed and were thus

modelled appropriately. In the case of functional beta diversity, we used a

generalised linear model with Gamma family and an identity link. In the case of

phylogenetic beta diversity, we detected spatial autocorrelation and we had to log-

transform the response variable since the spatially autoregressive model that we

used  was  not  able  to  utilise  the  generalised  linear  model  framework.  The  log-

transformed values have been back-transformed in the results table. We also

detected spatial autocorrelation in the residuals of the models explaining alpha

and gamma diversity of all facets of biodiversity studied here. The residuals from

these models were normally distributed. For cases where residuals were spatially

autocorrelated, we utilised spatial error models, which is a type of autoregressive

model. Spatial error models assume that spatial autocorrelation is due to missing

spatial covariates (Bivand and Piras 2015). We did not detect spatial

autocorrelation in any of the residuals from the spatial error models. All analyses

were performed with R version 3.4.3 (2017-11-30). A list of used R packages and

their versions can be found in Appendix 6.



Results

Summary statistics
The range of taxonomic beta diversity values (Table 1) was substantially larger

than functional and phylogenetic beta diversity, reflecting the more limited set of

ecological functions and phylogenetic backgrounds in comparison to the number

of species present.

All three beta diversity measures were clearly correlated with each other,

especially the correlation between functional and phylogenetic beta diversity

(Figure 1). On the other hand, none of the response variables was strongly

correlated with the total number of forest bird species, confirming that the patterns

seen in this paper are relatively independent of local species richness.

Taxonomic beta diversity
Taxonomic beta diversity was not impacted by human footprint index (HFI), nor

forest change. Instead, taxonomic beta diversity was positively associated with

habitat diversity. Along the range of habitat diversity values (Table 2), taxonomic

beta diversity increased by 6.9 units, which is a modest increase in biological terms

(12.7%). This positive association was most likely caused by the positive influence

of habitat diversity on taxonomic gamma diversity (Appendix 3b) and the lack of

an association with taxonomic alpha diversity (Appendix 3a).

Functional beta diversity
Functional beta diversity had a statistically significant positive association with

HFI.  Along  the  gradient  of  HFI  values  in  our  data  (Table  2),  functional  beta

diversity increased by 3.1 units, which was a fairly strong biological impact

(19.9%). HFI did not have a clear impact on functional alpha or gamma diversity

but the negative estimate for functional alpha diversity was almost 30 times larger

than the positive estimate for functional gamma diversity (Appendix 3c). This

might have caused the positive association of HFI and functional beta diversity



(see discussion). Forest change did not appear to influence functional beta

diversity. This was likely caused by forest change negatively impacting both

functional alpha and gamma diversity, which cancelled out the impact on

functional beta diversity.

Net primary (NPP) had a strong negative impact on functional beta diversity.

Along the range of NPP values, functional beta diversity decreased by 3.3 units (-

21.2%), which was even stronger than the impact of HFI. Similarly, mean annual

temperature had a negative impact, decreasing functional beta diversity by 2.2

units (-14.1%). Interestingly, both the impacts of NPP and temperature on

functional beta diversity were not accompanied by straightforward associations on

functional alpha and gamma diversity (Appendix 3c & d). NPP appeared to have a

positive but non-significant impact on alpha diversity but no impact on gamma

diversity,  which might be expected to decrease beta diversity.  On the other hand,

mean temperature had a positive and similarly strong influence on both functional

alpha and gamma diversity, which would be expected to result in no apparent

impact on beta diversity.

Phylogenetic beta diversity
Similar to taxonomic beta diversity, phylogenetic beta diversity was not impacted

by HFI, nor forest change. This was despite the negative but non-significant

influence of HFI on phylogenetic gamma diversity and no association with alpha

diversity (Appendix 3e & f). However, the estimate of HFI’s influence on

phylogenetic alpha diversity was only two times as large as the estimate for

phylogenetic gamma diversity, compared with the very large difference in

estimates in the case of functional beta diversity. As was the case with functional

diversity, forest change had a negative association with both phylogenetic alpha

and gamma diversity, which likely cancelled each other out. Phylogenetic beta

diversity was negatively associated with NPP and mean temperature. The

biological  impacts  of  both  variables  were  very  strong.  Along  the  range  of  NPP



values (Table 2), phylogenetic beta diversity decreased by 6.7 units (-31%). Along

the range of mean annual temperature values, phylogenetic beta diversity

decreased by 6.5 units (-30.4%). NPP was not associated with either phylogenetic

alpha or gamma diversity. Mean temperature had a positive impact on alpha

diversity, which was likely behind the negative impact of temperature on beta

diversity.

Discussion
Elevated human pressure did not appear to be related with increased biotic

homogenisation in our study region. An increase in the human footprint index,

which measured the impact of increased population density, land transformation,

accessibility, and electrical power infrastructure, did not cause biotic

homogenisation in taxonomic, functional or phylogenetic diversity. Instead,

increased human footprint appeared to cause functional heterogenisation by

increasing functional diversity between sites. Forest change did not appear to

cause biotic homogenisation in any of the response variables. As such, our results

appear to be at odds with previous studies that have shown homogenising impacts

of increased human pressure. For example, urbanisation has been shown to

homogenise environments and, consequently, biological communities (McKinney

2006, Sol et al. 2017), and agricultural expansion and intensification have been

shown to homogenise bacterial (Rodrigues et al. 2013) and beetle communities

(Gordon et al. 2009). Forest management has also been shown to cause biotic

homogenisation of forest communities, although the impacts have often been

subtle (Kitching et al. 2013, Mori et al. 2015, Ibarra and Martin 2015). Häkkilä et al.

(2018) found signs of homogenization in protected areas surrounded by intensively

managed forest, although the quality of the reserves played a more substantial role

in determining species composition. However, it is important to note that some

studies have shown no biotic homogenisation in response to increased human



pressure (Lee-Cruz et al. 2013) or, similar to this study, even an increase in

between-site diversity (Catterall et al. 2010).

The result that increased human footprint appeared to increase functional diversity

between sites is contrary to the results of many previous studies (McKinney 2006).

Human footprint clearly summarised human pressures well since it was strongly

correlated with total population, density of roads and human land-use cover

(Appendix 1). A potential reason that beta diversity increases in response to

increased human impact is likely related to the very nature of beta diversity.

Between-site diversity (beta diversity), in both its additive and multiplicative

forms, is derived from total regional diversity (gamma diversity) and mean local

diversity (mean alpha diversity). In this study we calculated beta diversity as

gamma diversity minus mean alpha diversity. Thus, beta diversity could increase

in response to an increase in gamma diversity or a decrease in alpha diversity.

Human footprint did not have a statistically significant impact on functional

gamma or alpha diversity (Appendix 3c & d) but the negative estimate for local

diversity was more than an order of magnitude stronger than that for regional

diversity, which may have been related to the positive impact on between-site

diversity. The negative estimate for the impact of human footprint on functional

alpha diversity suggests that increased human footprint has led to a loss of

functionally distinct species from local communities. If this loss occurred

randomly, impacting some areas but not others, this could lead to MNBBA count

locations being more different from each other. This loss of species from local

communities with increasing human footprint indicates that functional beta

diversity was primarily affected by the nestedness component of beta diversity,

although impacts on turnover resulting from species replacement along the human

footprint gradient cannot be ruled out (Baselga 2010).

The positive response of beta diversity to increasing human pressure is supported

by the conceptual trajectory outlined in Socolar et al. (2016). In this model, beta



diversity increases in response to subtractive heterogenisation caused by some

native species becoming rarer and invasive species beginning to establish

themselves (additive heterogenisation). Beta diversity then begins to decrease as

rarer species begin to disappear and invasive species start to dominate. Since we

only used relatively  forested units  in  our  analyse  the  level  of  human pressure  in

these units was clearly lower than that of units left out of analyses (Appendix 7).

Therefore,  it  is  possible  that  human  pressure  in  our  study  was  so  low  that  it

increased diversity between MNBBA sites.

Forest change and human footprint were clearly spatially segregated in the state of

Minnesota (Appendix 2a & b), and thus captured different facets of human

pressure in the state (Appendix 1). However, similar to human footprint, forest

change did not appear to cause biotic homogenisation in any of the responses

studied here even though it has been shown to homogenise biological

communities, especially in the tropics (Lôbo et al. 2011, Kitching et al. 2013, Ibarra

and Martin 2015). It is possible that the forests in this region, which have

experienced heavy logging of natural forests over the past 100-150 years (Schulte et

al. 2007), have already been homogenised in terms of species composition and

forest structure to such an extent that current forest management activities

occurring have limited impact on the composition of bird communities. Indeed,

forests in the area still bear a clear signature of previous land use change (Schulte

et al. 2007). A loss in mature forest cover did, however, appear to decrease

functional and phylogenetic diversity at the local and regional scales, although the

impact on regional functional diversity was not statistically significant. Since forest

change had a negative impact at both local and regional scales, the method of

calculating between-site diversity would have cancelled out the impact of forest

change on between-site diversity, meaning that no homogenising impact could be

seen. This suggests that even though units lost local and regional diversity in

response to forest change, MNBBA sites did not become more alike. Interestingly,



forestry could potentially increase differences between sites since the amount of

forest that has been logged in two large national forests has been steadily

decreasing since at least 1990 (Niemi et al. 2016). Indeed, early successional species

such as the Chestnut-sided Warbler, Mourning Warbler, and Veery have shown

clear declines, possible due to the lack in availability of early successional forest

stands and higher abundance cover of middle-aged forests in the portions of the

state (Pfannmuller et al. 2017).

In addition to studying the impacts of variables that captured human pressures on

beta diversities, we also took into account three environmental variables known to

influence patterns of biodiversity: habitat diversity, net primary production and

average temperature (Qian 2010). Habitat diversity had a clear positive relation

with taxonomic beta diversity, meaning that units with a higher diversity of land

classes tended to have bird communities that were different from each other. This

influence was due to an increase in total taxonomic diversity (Appendix 3b). Net

primary productivity and average temperature did not influence taxonomic beta

diversity, but both had a negative association with functional and phylogenetic

beta diversity. In the case of functional beta diversity, both variables appeared to

negatively influence beta diversity by increasing the diversity within MNBBA

sites, which would lead to a decrease in beta diversity. In the case of phylogenetic

diversity these variables did not appear to be associated with an increase in

diversity within MNBBA sites but the relatively strong correlation between

functional and phylogenetic beta diversity (Figure 1) suggests that the same cause

was behind the negative influence of productivity and temperature on

phylogenetic beta diversity.

Ultimately, conservation actions aim at maintaining global and regional diversity.

High regional diversity can be achieved either by consistently high local diversities

or by high between-site diversity. From a conservation viewpoint, the maximising

of beta diversity, i.e. increasing differences in diversity between sites, is not



necessarily desirable. Ensuring that local communities host different species could

actually minimize species persistence in the long run because each species would

be represented by a single or only a few local populations, resulting in higher rates

of regional extinctions. In addition, it would be difficult to argue for increasing

between-site diversity at the expense of decreasing local diversity (Socolar et al.

2016) because targeting high average local diversity is a cost-efficient conservation

strategy particularly when nestedness in community composition is marked. Our

results indeed suggest that increasing functional beta-diversity with increasing

human footprint can be due to a loss of functional diversity from local

communities, i.e. nestedness. This highlights the importance of critically

considering the use of beta diversity in a conservation setting.

Conclusion
Our study supports earlier findings (e.g. Devictor et al. (2010); Häkkilä et al. (2017))

that it is important to consider multiple facets of biodiversity. The positive

influence of increase in human footprint on biodiversity in our study region would

have been missed had we only focussed on taxonomic diversity, as has often

previously been the case. Similarly, impacts on between-site and regional diversity

would have been missed if we had only studied local diversity. Our results suggest

that increased human footprint and forest change are not a cause of biotic

homogenisation in our study site.
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Table 1: Summary statistics of forest bird species richness and response variables per unit

Species
richness

Taxonomic Functional Phylogenetic

Min 16 26.8 2.08 2.57
Median 57.5 59.6 6.44 7.93
Mean 60.4 58.8 6.73 8.3
Max 155 81 17.6 24.1
SD 26.4 9.29 2.66 3.04

Table 2: Summary statistics of explanatory variables used in models (continued below)

Human
footprint

Forest
change

(%)

Net primary
production

(kg
C/m2/Year)

Habitat
diversity

Mean
temperature

( )

Number
forested
points

Min 1.64 0.0106 0.319 1.65 2.51 3
Median 17.9 3.33 0.473 5.43 4.08 7
Mean 21.7 4.26 0.472 5.69 4.34 7.21
Max 67.1 44.9 0.656 12.1 8 18
SD 12.5 4.5 0.0551 2.03 1.15 2.96

Table 3: Summary of linear model explaining taxonomic beta diversity

Estimate Std. Error t value p value
Intercept 50.8 6.16 8.25 6.31e-15
Human footprint 0.0877 0.0565 1.55 0.122
Forest change (%) -0.0397 0.118 -0.337 0.737
Net primary production (kg C/m2/Year) -13.2 9.18 -1.44 0.151
Habitat diversity 0.661 0.257 2.57 0.0106
Mean temperature (  ) -0.866 0.604 -1.44 0.152
Number forested points 1.73 0.181 9.57 6.07e-19

Table 4: Summary of generalised linear model explaining functional beta diversity

Estimate Std. Error t value p value
Intercept 10.5 2.02 5.23 3.33e-07
Human footprint 0.0472 0.0199 2.38 0.0181
Forest change (%) 0.0068 0.0382 0.178 0.859



Net primary production (kg C/m2/Year) -9.72 3.02 -3.22 0.00144
Habitat diversity 0.0161 0.0858 0.188 0.851
Mean temperature (  ) -0.406 0.19 -2.13 0.0337
Number forested points 0.194 0.0609 3.18 0.00164

Table 5: Summary of spatial error model explaining phylogenetic beta diversity

Estimate Std. Error z value p value
Intercept 2.53 0.297 8.51 0
Human footprint 0.00381 0.00259 1.47 0.141
Forest change (%) -0.00249 0.00526 -0.473 0.636
Net primary production (kg C/m2/Year) -1.1 0.453 -2.42 0.0155
Habitat diversity 0.00344 0.0121 0.284 0.776
Mean temperature (  ) -0.0659 0.03 -2.2 0.0281
Number forested points 0.0328 0.00815 4.02 5.74e-05



Figure 1: Distributions of taxonomic, functional and phylogenetic beta diversity, and forest
species richness, and Pearson correlations between the diversity measures



Appendices

1. Correlations between human footprint and variables describing
human influence

Figure 1A1: Distributions of human footprint and other variables describing human
influence, and Spearman’s rank correlations between variables



2. Spatial distribution of explanatory variables

a) Human footprint

Figure 2A1: Map showing the spatial distribution of human footprint values in the state of
Minnesota



b) Forest change

Figure 2A2: Map showing the spatial distribution of forest change values in the state of
Minnesota



c) Habitat diversity

Figure 2A3: Map showing the spatial distribution of habitat diversity values in the state of
Minnesota



d) Net primary production

Figure 2A4: Map showing the spatial distribution of net primary productivity values in
the state of Minnesota



e) Mean temperature

Figure 2A5: Map showing the spatial distribution of mean temperature values in the state
of Minnesota



3. Results of alpha and gamma diversities

a) Taxonomic alpha diversity results
Table 3A1: Summary of spatial error model explaining taxonomic alpha diversity

Estimate Std. Error z value p value
Intercept 5.04 1.52 3.32 0.000909
Human footprint -0.00751 0.0126 -0.598 0.55
Forest change (%) -0.0121 0.0248 -0.489 0.625
Net primary production (kg C/m2/Year) 3.01 2.36 1.27 0.203
Habitat diversity 0.041 0.0602 0.681 0.496
Mean temperature (  ) 0.115 0.16 0.716 0.474
Number forested points -0.0806 0.0386 -2.09 0.0368

b) Taxonomic gamma diversity results
Table 3A2: Summary of spatial error model explaining taxonomic gamma diversity

Estimate Std. Error z value p value
Intercept 8.98 3.28 2.74 0.00619
Human footprint 0.0256 0.0274 0.935 0.35
Forest change (%) 0.00485 0.0543 0.0894 0.929
Net primary production (kg C/m2/Year) 2.97 5.09 0.584 0.559
Habitat diversity 0.297 0.131 2.27 0.023
Mean temperature (  ) -0.0755 0.342 -0.221 0.825
Number forested points 0.493 0.0845 5.83 5.45e-09

c) Functional alpha diversity results
Table 3A3: Summary of spatial error model explaining functional alpha diversity

Estimate Std. Error z value p value
Intercept 1.45 0.0591 24.5 0
Human footprint -0.000612 0.000492 -1.24 0.214
Forest change (%) -0.00246 0.000974 -2.53 0.0115
Net primary production (kg C/m2/Year) 0.176 0.0917 1.92 0.0548
Habitat diversity 0.00323 0.00235 1.37 0.17
Mean temperature (  ) 0.0183 0.00618 2.97 0.00301
Number forested points -0.00534 0.00152 -3.52 0.00043



d) Functional gamma diversity results
Table 3A4: Summary of spatial error model explaining functional gamma diversity

Estimate Std. Error z value p value
Intercept 1.6 0.0567 28.2 0
Human footprint 2.17e-05 0.000478 0.0455 0.964
Forest change (%) -0.00196 0.000952 -2.05 0.0399
Net primary production (kg C/m2/Year) 0.0409 0.0876 0.467 0.641
Habitat diversity 0.00355 0.00227 1.56 0.118
Mean temperature (  ) 0.015 0.00587 2.56 0.0105
Number forested points -0.00234 0.00148 -1.58 0.115

e) Phylogenetic alpha diversity results
Table 3A5: Summary of spatial error model explaining phylogenetic alpha diversity

Estimate Std. Error z value p value
Intercept 1.6 0.0945 16.9 0
Human footprint -0.00153 0.000806 -1.9 0.0578
Forest change (%) -0.00335 0.00161 -2.07 0.0381
Net primary production (kg C/m2/Year) 0.151 0.145 1.04 0.3
Habitat diversity 0.00361 0.0038 0.948 0.343
Mean temperature (  ) 0.0137 0.00969 1.41 0.158
Number forested points -0.00147 0.00251 -0.588 0.557

f) Phylogenetic gamma diversity results
Table 3A6: Summary of spatial error model explaining phylogenetic gamma diversity

Estimate Std. Error z value p value
Intercept 1.85 0.0964 19.2 0
Human footprint -0.000785 0.000842 -0.932 0.351
Forest change (%) -0.00386 0.00171 -2.26 0.0238
Net primary production (kg C/m2/Year) -0.0392 0.147 -0.267 0.79
Habitat diversity 0.00362 0.00393 0.921 0.357
Mean temperature (  ) 0.00224 0.00972 0.23 0.818
Number forested points 0.00233 0.00265 0.88 0.379



4. Correlations between explanatory variables, and their
distributions

Figure 4A1: Distributions of explanatory variables, and Spearman’s rank correlations
between variables



5. Variance inflation factors from models
Table 5A1: Variance inflation factors of explanatory variables in models explaining
taxonomic, functional, and phylogenetic beta diversity (continued below)

Human
footprin
t

Forest
chang
e (%)

Net
primary
production
(kg
C/m2/Year
)

Habitat
diversit
y

Mean
temperatur
e (  )

Taxonomic 2.37 1.34 1.21 1.29 2.29
Functional 2.64 1.35 1.21 1.28 2.54
Phylogenetic 2.37 1.34 1.21 1.29 2.29

Numbe
r
forested
points

Taxonomic 1.36
Functional 1.36
Phylogeneti
c

1.36

6. List of used R packages and their versions
ade4 1.7.6

adephylo 1.1.10

ape 4.1

base 3.4.3

car 2.1.4

cluster 2.0.6

datasets 3.4.3

dplyr 0.5.0

ggplot2 2.2.1

graphics 3.4.3



grDevices 3.4.3

gstat 1.1.5

knitr 1.17

lattice 0.20.35

maptools 0.9.2

Matrix 1.2.12

methods 3.4.3

nlme 3.1.131

pander 0.6.1

printr 0.1

psych 1.7.5

raster 2.5.8

readxl 1.0.0

reshape2 1.4.2

rgdal 1.2.16

rgeos 0.3.23

sp 1.2.4

spdep 0.6.13

stats 3.4.3

tidyr 0.6.3

utils 3.4.3



7. Comparison of human footprint index values in units used in
analyses and units not used in analyses

Figure 7A1: Comparison of human footprint index values in units used in analyses and
units not used in analyses
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Mikko Mönkkönen1

1 Department of Biological and Environmental Science, University of Jyväskylä, Jyväskylä, Finland, 2 Center
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Abstract

Introduction
Amain goal of protected areas is to maintain species diversity and the integrity of biological

assemblages. Intensifying land use in the matrix surrounding protected areas creates a

challenge for biodiversity conservation. Earlier studies have mainly focused on taxonomic

diversity within protected areas. However, functional and especially phylogenetic diversities

are less studied phenomena, especially with respect to the impacts of the matrix that sur-

rounds protected areas. Phylogenetic diversity refers to the range of evolutionary lineages,

the maintenance of which ensures that future evolutionary potential is safeguarded. Func-

tional diversity refers to the range of ecological roles that members of a community perform.

For ecosystem functioning and long-term resilience, they are at least as important as taxo-

nomic diversity.

Aim
We studied how the characteristics of protected areas and land use intensity in the sur-

rounding matrix affect the diversity of bird communities in protected boreal forests. We used

line-transect count and land-cover data from 91 forest reserves in Northern Finland, and

land-cover data from buffer zones surrounding these reserves. We studied if habitat diver-

sity and productivity inside protected areas, and intensity of forest management in the matrix

have consistent effects on taxonomic, functional and phylogenetic diversities, and commu-

nity specialization.

Results
We found that habitat diversity and productivity inside protected areas have strong effects

on all diversity metrics, but matrix effects were inconsistent. The proportion of old forest in

the matrix, reflecting low intensity forest management, had positive effects on community

specialization. Interestingly, functional diversity increased with increasing logging intensity

in the matrix.
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Conclusions
Our results indicate that boreal forest reserves are not able to maintain their species compo-

sition and abundances if embedded in a severely degraded matrix. Our study also highlights

the importance of focusing on different aspects of biodiversity.

Introduction
Human activities are a major threat to all aspects of biodiversity. A cocktail of climate change

and destruction of habitats [1] mixed together with pollution and invasive species are decreas-

ing biological diversity throughout the world [2]. The remaining fragments of native habitats

are affected as a consequence of hindered migration and isolated populations [3], [4], [5].

Despite the multi-faceted nature of biodiversity [6], community ecologists and conservation

biologists have only recently considered aspects of biodiversity other than taxonomic diversity.

Taxonomic diversity is the most commonly quantified component of diversity, accounting for

species richness and abundances. Phylogenetic diversity reflects evolutionary history of the

present taxa [7], and measuring it has been proposed as a way to acknowledge the role of spe-

cies interactions in biotic assemblages [8]. High levels of phylogenetic diversity may enhance

the resilience of communities to changing environmental conditions [9]. Functional diversity

describes the range of ecological roles that organisms perform, as well as how they use their

habitat and resources [10]. For the productivity of ecosystems, functional diversity is of high

importance [11]. Taxonomic, phylogenetic and functional diversity in communities tend to be

positively correlated across spatial scales [12], but they reflect complementary components of

biodiversity. Two communities may possess equal levels of taxonomic diversity, yet be com-

posed of species with different phylogenetic histories or set of functional traits.

Specialist species, by definition, effectively utilize a narrow range of available resources,

and communities containing many specialist species may therefore be more efficient in

transforming available resources into offspring than communities with predominance of

generalists [12]. Unlike generalists, specialists often have specific functional traits; losing

them may result in decreased functional diversity, which is an aspect of biotic homogeniza-

tion [13]. Nevertheless, functional diversity may remain unchanged when specialist species

are lost if new generalist species occupy the empty niches. Thus, all ecosystem functions are

retained but overall effectiveness of resource use may be considerably reduced. Therefore,

quantifying changes in the level of specialization may be a useful additional indicator of

important changes in communities.

Landscapes have traditionally been considered as a network of habitat patches in a non-

habitable matrix [14]. However, more recent research has shown that the matrix surrounding

patches can affect habitat quality [15], dispersal ability of species and population persistence

[16], [17] and thus colonization-extinction dynamics [18]. Individuals moving between

patches may use alternative resources outside the fragment they occupy [19]. Protected areas

are often located in landscapes where land use intensity around them is high and matrix habi-

tats are of poor quality compared to natural habitat. In forested landscapes, for example, pro-

tected old-growth forests are often surrounded by clear-cuts or young forests [20], [21].

Protected boreal forest areas embedded in a matrix of young regeneration forests foster less

species-rich communities with higher total bird density than areas situated in continuous, old

forest dominated landscapes [21]. This supports the idea that the matrix provides additional

resources even for patch-dependent species [22], while only a limited set of species are able to
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utilize resources in the matrix. However, little is known about the matrix effects on the capac-

ity of protected areas to maintain functional and phylogenetic diversity or on community

specialization in protected areas. Further, characteristics of protected areas that promote spe-

cialized species and their functions have hardly gained any interest (but see [23]). It has been

proposed that larger protected areas are needed for the persistence of populations [24] and the

integrity of communities [21]. The relationship between functional and phylogenetic diversity,

community specialization and habitat area or productivity has remained unclear.

In this research, we studied how characteristics of protected areas and the surrounding

matrix impact the community composition of forest birds within the protected areas. Increas-

ing human land-use intensity has negative effects on diversity [25], so we hypothesize that for-

est bird communities will be negatively affected by intensive forestry in the matrix. Moreover,

we hypothesise that matrix effects will be particularly strong in small protected areas, whereas

large areas should be better buffered against matrix effects, e.g. due to their lower edge-to-area

ratio. Total forest area, productivity and habitat diversity all have positive effects on species

richness [26]. Therefore, we expect taxonomic diversity to be the highest in large protected

areas with high habitat heterogeneity and high productivity inside the areas and that other

diversity metrics will show similar responses. Correlations between different diversity mea-

sures are often positive, but there are also areas of clear incongruence [14]. Therefore, we also

studied if there are correlations between different diversity measures.

Material andmethods

Study area
The study area is in the boreal zone in sparsely populated Northern Finland (Fig 1) where for-

ests are mainly dominated by coniferous forests. Open bogs, mires, small lakes and ponds are

characteristic of the landscape. Most of the forests are in active commercial use and, in the Kai-

nuu area where most of the studied forest reserves are situated, only 5,2% of forest area is pro-

tected from logging [27]. This study focuses on 91 protected areas with a total surface of

approximately 3100 km2. The areas differ in size, from ca. 150 to 28000 ha (mean area = 3400

ha, S.D. = 4676 ha).

Bird data
Bird species abundance was measured using the Finnish line transect census method [28] by

Metsähallitus Parks &Wildlife Finland. Finnish line transect count is based on observational

data with minimum disturbance to animals. It can be accomplished under Finnish Every

man’s right, which allows free access without separate permit to all forests, protected areas and

National parks included. The line transect census method is a one-visit census and is suitable

for counting birds over large areas [29]. The survey is completed early in the breeding season

and all observations of breeding pairs in 5 to 6 km transects on average are counted. See S1

Text for further information.

We focused on forest species and of all the 129 bird species observed, we retained 69 species

that use forest as their main breeding habitat [30] (S2 Text). The bird censuses were conducted

between 1988 and 1999 for a total of 3323 km of transects. On average, 1 km of transect per

km2 of land within the protected areas was surveyed. Transect length correlated negatively

with land area, suggesting that small areas were surveyed with higher per-unit-area effort. In

large areas, all the line transect counts could not be conducted during the same breeding sea-

son. We combined data across years following Brotons et al. [31] who found that species rich-

ness and abundance of forest species in these data did not differ among years.
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Fig 1. Map of the study area and the location of the protected areas in Northern Finland.

https://doi.org/10.1371/journal.pone.0184792.g001
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Diversity measures
We first calculated species richness in each site. Further, for each of the protected areas, we

calculated taxonomic, functional, and phylogenetic -diversities based on Rao’s quadratic

entropy [32] using R functions developed by De Bello et al. [33], as well as the Community

Specialization Index [34]. The -diversity of a community represents the expected dissimilarity

between two randomly selected individuals, taking the relative abundance of each species into

account. For taxonomic diversity, the dissimilarity has a value of 1 if two individuals represent

two different species and 0 otherwise. For functional and phylogenetic diversity measures, dis-

similarity takes into account functional or phylogenetic distances among species [35], [33] (see

below). For species level taxonomic diversity, -Rao equals the Simpson diversity index [35],

[36]. Thus, a community with few species and one dominant species will get a low value.

Functional diversity is often measured by using ecological traits [37], but in this study we

are proposing a method based on morphological traits. The functionality of a species refers to

the way it uses the habitat for foraging, nesting, avoiding predators, etc. [38], which is largely

reflected in the morphology of a species. We measured morphological traits (wing, tail, tarsus

and bill length, bill width and bill height) from at least five individuals per species from perma-

nent museum samples available for scientific use at the Museum of Natural History in Hel-

sinki, Finland, and the Museum of Natural history in Oulu, Finland. Body mass was available

from museum databases (weighed when individuals were collected). In the few cases where

specimens originating from Finland were not available, we chose the ones collected as close to

the study area as possible. As all of these measures mainly are correlated with the size of the

bird, we transformed original morphological variables into indices that link morphology with

ecological functions of the species. First, we used body mass as an indicator of overall body

size. Body size is an important driver of both habitat use and diet, and two species with differ-

ent body size but equal shape tend to use different size food items and different habitats. Sec-

ond, to describe functions related to the type of food used, we computed the ratio bill length/

(bill width + bill height). Species with long bills relative to bill width and height tend to be

more insectivorous than short-billed species [39]. Third, we calculated three additional ratios

(wing length/( body mass), tarsus length/( body mass) and tail length/( body mass)) to rep-

resent differences in locomotion and habitat use. The lengths were divided by the cubic root of

body mass to scale these one-dimensional variables by a one-dimensional measure of body

size. These five uncorrelated (see S4 Text) morphological variables were then used to calculate

pairwise Euclidean distances in a morphological hyperspace among individuals in a commu-

nity. This distance, scaled between 0 and 1, was then used as a measure of morphological dis-

similarity when calculating functional diversity.

To study phylogenetic diversity in our study area a set of 1000 randomly chosen phyloge-

netic trees of the study species was chosen from a phylogenetic tree database of 9993 bird spe-

cies that is available on birdtree.org [40],[41]. Using a large sample is better than using few

trees since there can be some uncertainty in phylogeny reconstruction. Of the 1000 trees, a sin-

gle, unrooted, 50% majority rule (extended) consensus tree was constructed using the Con-

sense function (phylip package v.3.695). In the extended majority rule, any set of species that

appears in more than 50% of the trees is included. To calculate phylogenetic diversity, we used

the distance between the two end nodes (i.e. species) in the consensus tree, scaled between 0

and 1, as a measure of phylogenetic dissimilarity.

The species specialization index, SSI, [32] is a simple and sensitive tool for studying homog-

enization at the community level. SSI is the coefficient of variation (standard deviation/aver-

age) of species densities among habitat classes. The larger the SSI value, the more specialized

the species is with respect to habitats. We used independent Finnish national level data
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originating from the common bird monitoring project (CBMP) point count censuses, con-

ducted between 1984 and 2011 [42], to calculate the SSI for each species. In the CBMP, each

station is located in a uniform habitat within at least 50 m to the station. Habitat type is classi-

fied into 17 classes (S9 Text). For each habitat class we derived average density for the 69 spe-

cies, and calculated sample-size bias corrected species specialization index, SSIc [32]. Finally,

we calculated a weighted average SSIc, which takes species density into account, of species

present in a given site, i.e. the community specialization index, CSI [43].

Landscape analysis
The land-use and cover data originated from the 8th National Forest Inventory of Finland and

were collected between 1986 and 1994 [44]. In these data, forests were classified by timber vol-

ume and dominant tree species into nine cover types (see [31]; Table 1). From this classifica-

tion, we calculated variables describing the habitat composition within the protected areas and

in the surrounding landscape. We used the sum of spruce-deciduous cover types (habitat clas-

ses 3 and 6; Table 1) to describe productivity because, in our study area, spruce-deciduous for-

ests only grow on fertile soil while less fertile sand and peat soils are usually pine-dominated.

Forests with more timber than 100m3/ha can be considered mature old forests in northern

Finnish conditions [45]. Consequently, we used the sum of the three cover types with more

than 100m3/ha (habitat classes 1–3; Table 1) to describe the proportion of old forest, even

though we did not directly measure forest age. We estimated habitat diversity within reserves

using Shannon’s diversity index from the proportions of the nine cover types in each area.

The forested landscape around the reserves (the matrix) was characterized from a 5 km

buffer around the outer border of each reserve. This radius was selected to make sure that the

matrix could have impact on birds with large home ranges. Since clear cutting, which results

in an even-age structure of trees within a stand, is the most common way to regenerate forests

in the region, timber volume was considered the best estimate of forest age and forestry

intensity.

Table 1. Average, minimum, andmaximumpercentages of the nine cover types inside the protected areas and in thematrix, and total area and
habitat diversity inside the areas (HDIV_In).

Class Number Inside Matrix

Habitat class � min max � min max

1 Pine-spruce
100 m3/ha %

16.9 0.8 56.2 7.2 0.9 25.1

2 Pine 100 m3/ha % 3.3 0.1 19.0 2.6 0.3 8.6

3 Spruce-Deciduous
100 m3/ha %

6.8 0.2 38.6 3.2 0.5 10.0

4 Spruce
25–100 m3/ha %

12.4 1.4 34.6 9.9 2.5 21.2

5 Pine
25–100 m3/ha %

10.9 0.4 27.3 13.1 3.9 25.0

6 Spruce-Deciduous
25–100 m3/ha %

10.7 1.9 45.0 14.4 5.4 33.9

7 Pine bogs % 20.0 0.3 50.9 18.6 7.3 33.2

8 Shrubs
25 m3/ha %

5.7 0.7 17.9 15.1 5.4 32.9

9 Other open areas % 13.3 0 35.9 15.8 7.1 26.4

Total area (ha) 3406 141 27884

HDIV_In 1.85 1.47 2.12

https://doi.org/10.1371/journal.pone.0184792.t001
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Statistical analysis
We constructed linear models with the R (version 3.4.0) to analyze the impacts that the charac-

teristics of protected areas and their surrounding landscape matrix have on each diversity met-

ric of the bird communities in the protected areas. Species richness, which is a count variable,

was analysed with generalized linear model using a Poisson distribution with a log link func-

tion. We used a two- step modeling approach, where the most important variables inside the

protected areas were first selected, after which these variables were kept in the model and the

most important variables in the surrounding matrix were then selected. In all models, we

included N-coordinate as a covariate to control for the well-known decline in diversity with

increasing latitude. In the first step, we included and selected the most important variables

describing landscape structure within protected areas, assuming that avian community com-

position is primarily affected by the characteristics of the area itself. The selected variables

were the log-transformed total forest area (TFA; the summed area of habitat classes 1–6 in

Table 1), the percentage of both young and old spruce-deciduous forests (PROD_In; percent-

age sum of habitat classes 3 and 6) to describe productivity, and habitat diversity (HDIV_In).

In the second step, we selected the most important variables describing landscape structure in

the matrix surrounding the protected areas, in addition to keeping the previously selected vari-

ables describing the protected areas. These variables were the percentage of old forest (OF_Ma-

trix; Habitat classes 1–3), and the percentage of shrub (SHRUB_Matrix; habitat class 8). The

percentage of old forest described long-term logging history in the matrix surrounding the

protected areas: the more old forest in the matrix, the lower the overall logging intensity in the

past. High values in the percentage of shrub in the matrix indicate high recent logging activity.

To assess if the responses were different in large and small protected areas, we also included

the interactions between total forest area and the percentage of old forest in the matrix, as well

as total forest area and the percentage of shrub in the matrix.

We used Akaike Information Criteria with small sample size correction (AICc) to select the

variables to retain at each step, and included only models that were inside 6 AIC units, which

gives a 95% chance of retaining the most parsimonious model [46]. According to nesting rule

[46], we discarded all models for which a nested version had a lower AICc value. In cases

where we had two or more alternative models, we used model averaging to create one best

model [47]. Because variables describing the composition of the matrix were entered into the

models after within-area variables, they describe the additional effects of the surrounding

matrix. All variables were entered as fixed effects, and correlations among the landscape vari-

ables were not particularly strong (S3 Text).

Results
We found that total forest area and productivity inside the protected areas had positive effects

on species richness (Table 2, Fig 2). No matrix effects on species richness were found. The per-

centage of spruce-deciduous forest (PROD_In) had a strong positive effect on taxonomic

diversity, with an increase of 20% along the entire productivity gradient (Table 2, Fig 2). There

was also a strong positive impact of habitat diversity (HDIV_In) on taxonomic diversity, with

an increase of 30% along the entire gradient of increasing habitat diversity (Table 2, Fig 2). We

found no matrix effects on taxonomic diversity. The results for phylogenetic diversity showed

very similar patterns as for taxonomic diversity (Table 2, Fig 2).

In contrast to taxonomic and phylogenetic diversity, there was a strong negative influence

of the percentage of spruce-deciduous forest within protected areas (PROD_In) on functional

diversity (Table 2, Fig 2), with functional diversity monotonically decreasing by approximately

20% along the entire gradient of PROD_In (Fig 2). Also, habitat diversity (HDIV_In) had a
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Fig 2. The effects of inside habitat diversity and inside productivity on different diversity metrics.

https://doi.org/10.1371/journal.pone.0184792.g002
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negative impact on functional diversity, with a decrease of approximately 10% along the gradi-

ent. The effect of total forest area on functional diversity was positive but weak. Of the matrix

effects, the percentage of old forest (OF_Matrix) had a negative impact, resulting in a roughly

10% decrease in functional diversity over the gradient of old forest cover (Table 2, Fig 3). The

main effect of percentage of shrub was not significant, but the negative interaction between

total forest area and percentage of shrub suggested that the effect of recent logging activity was

stronger in small protected areas.

Community specialization was positively associated with PROD_In and HDIV_In, showing

a roughly 12% increase along the increasing gradients (Table 2, Fig 2). Of the matrix effects,

OF_Matrix showed a strong positive impact on community specialization, with a nearly 25%

increase along the gradient of increasing old forest (Table 2, Fig 3). Thus, protected areas with

high productivity foster more specialized bird communities, especially if they have a high pro-

portion of old forest in the matrix.

Concerning the relationships between the response variables, taxonomic diversity was

strongly correlated with phylogenetic diversity (Table 3). There was also a relatively strong cor-

relation between the community specialization index and phylogenetic diversity. Functional

diversity was weakly negatively correlated with all other diversity metrics.

Discussion
In this study, matrix effects were found for functional diversity, and community specialization,

but not for species richness, taxonomic and phylogenic diversity. The amount of old forest in

the matrix had a positive influence on community specialization but a negative influence on

functional diversity. Inside protected areas, the impacts of productivity and total forest area on

species richness were positive, as expected.

The productivity and habitat diversity within protected areas had a strong positive effect on

both taxonomic and phylogenetic diversity, as well as on community specialization (Table 2).

The pattern supports our hypothesis, as well as earlier literature, that habitat diversity and pro-

ductivity have a positive effect on species diversity [26]. There were more species in large

areas, but larger forest areas did not have increased taxonomic nor phylogenetic diversities.

Thus, it seems that the additional species that are occupying large areas are low in abundance

and not phylogenetically distinct.

Taxonomic diversity was strongly positively correlated with phylogenetic diversity (Table 3).

Thus, increasing taxonomic diversity was associated with an increased phylogenetic distance

among species, i.e. with the addition of phylogenetically unique species. Community specializa-

tion was relatively strongly correlated with taxonomic and phylogenetic diversity (Table 3). This

suggests that increasing taxonomic diversity is associated with an increasing number of special-

ist species in a community, and that specialist species tend to represent distinct phyletic lineages.

In earlier research, overall positive covariation has been found between different facets of biodi-

versity, but some incongruence has also been found [12]. For example, in their study on spatial

distribution and abundance of birds in France, Devictor et al. [12] found that regions with high

versus low functional diversity do not necessarily spatially overlap with high vs low taxonomic

or phylogenetic diversity. Even though in the French bird data different facets of biodiversity

were positively associated, variation in taxonomic diversity explained only a very small propor-

tion of variation (6%) in functional diversity. We found that functional diversity was negatively

correlated, although weakly, with all other diversity metrics (Table 3), suggesting that different

aspects of species diversity may respond in dissimilar fashion to environmental variation and

change.
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Functional diversity showed the opposite responses to other diversity measures, with nega-

tive impacts of productivity and habitat diversity inside protected areas (Table 2, Fig 2). We

Fig 3. Matrix effects on different diversity metrics.

https://doi.org/10.1371/journal.pone.0184792.g003
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suggest that the mechanism for this phenomenon could be explained by species interactions

and the properties of Rao’s quadratic entropy in measuring functional diversity. Functional

diversity is influenced both by species abundance-based diversity and by functional differences

among species [48] [49]. Thus, if one species from a functionally similar group of species

becomes less abundant or goes extinct, functional diversity increases. Likewise, the introduc-

tion of new species will increase species abundance-based diversity, but it may decrease the

average functional dissimilarity among species. On the other hand, the colonization of func-

tionally distinct species will increase average functional dissimilarity between species. A similar

effect may stem from an increase in abundance of originally rare but functionally distinct spe-

cies. The response of functional diversity also depends on the way it has been calculated.

Counter to our results, Petchey et al. [50] found that functional diversity increased with

increasing species richness. However, unlike in our study, branch lengths of the dendrogram

of species (based on functional differences) are summed in their approach: when new species

are added into the community the number of branches increases, leading to higher functional

diversity.

Our observation that functional diversity decreases with increasing productivity is in line

with the Physiological Tolerance Hypothesis [51], postulating that diversity varies according to

the tolerances of individual species for different sets of climatic conditions. Accordingly, in

less favorable conditions species do not share physiological traits and combinations of traits,

and their overlap increases with increasing suitability of ambient conditions. Interestingly,

functional diversity was positively influenced by total forest area (Table 2). Because species

richness also increased with forest area, it seems that the species that occupy larger areas are

also functionally distinct.

The matrix effects that explained functional diversity were the percentage of old forest and, in

small areas, shrub in matrix; both had negative effects on functional diversity (Table 2, Fig 3).

Thus, functional diversity decreases with increasing recent logging intensity (i.e. shrub) on small

areas, but increases with increasing proportion of old forest, i.e. with decreasing overall logging

intensity, independent of the size of the area. Thus, large protected areas seem to be better buff-

ered against matrix effects because the effects of recent logging intensity decrease with increasing

total forest area. The explanation can be found again in the diversity index, as functional diver-

sity decreases with increasing functional similarity among species. Here, increasing recent log-

ging intensity reduces the average functional distance among species, and thereby results in

decreased functional diversity. This may be because of spill-over of generalist species from the

matrix. In summary, logging activity in the matrix results in a loss of ecological functions and in

Table 3. Correlationmatrix of different diversity metrics.

Species
Richness

Taxonomic
Diversity

Functional
Diversity

Phylogenetic
Diversity

Community
Specialization
Index

Species
Richness

1

Taxonomic
Diversity

0.417 1

Functional
Diversity

-0.170 -0.186 1

Phylogenetic
Diversity

0.355 0.910 -0.170 1

Community
Specialization
Index

0.416 0.683 -0.518 0.789 1

https://doi.org/10.1371/journal.pone.0184792.t003
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biotic homogenization, particularly in small protected areas and in the short-term but not in the

long-term.

Community specialization was positively correlated with taxonomic and phylogenetic

diversities (Table 3), and was likewise positively associated with habitat diversity and produc-

tivity inside protected areas (Table 2, Fig 2). Thus, bird communities in areas with productive

forests and a wide variety of habitats have more specialized lineages but, as discussed earlier,

less species with similar functions. The positive influence of habitat diversity inside protected

areas on community specialization index may first sound counterintuitive because specialist

species should benefit from uniform habitats allowing larger population sizes, which decreases

the likelihood of stochastic extinctions. We suggest that the effect of habitat diversity on spe-

cialist species’ habitat availability is scale-dependent [52]. At small spatial extents, habitat

diversity should have a negative effect on specialist species, because for a given area, the

amount of area available for individual species decreases with increasing habitat heterogeneity,

thereby increasing the likelihood of stochastic extinctions. When total habitat area is large, the

negative effect of increasing habitat heterogeneity is balanced by the positive effects of coloni-

zation by new specialist species.

The proportion of old forest in the matrix had a positive impact on community specializa-

tion (Table 2, Fig 3). This supports our hypothesis that protected areas embedded in an inten-

sively managed matrix foster more homogeneous, less specialized bird communities than

those embedded in a less managed matrix. This is caused by the replacement of old forest spe-

cialists by generalist species [53]. Our results support the idea that the flow of generalists from

the matrix into the protected areas may be an important mechanism of homogenization. How-

ever, one could expect this matrix effect to be area-dependent, i.e. small protected areas would

be more vulnerable to generalists’ invasion, but we did not find evidence for this with the com-

munity specialization index.

Conclusions
To conclude, our results highlight how different measures of diversity may show different

responses to environmental change, which emphasizes the importance of considering multiple

aspects when analyzing biodiversity. Our results show that by concentrating only on the con-

servation of species richness, taxonomic diversity or specialist species, all functions are not

necessarily safe-guarded. Even if we manage to maintain ecosystem functions, we may lose

unique specialists.

Our results provide insights when establishing new protected areas. If large areas with high

species richness are favored, this may not necessarily ensure high taxonomic or phylogenetic

diversities, and a focus on species-rich sites may in fact minimize functional diversity. Taxo-

nomic and phylogenetic diversities seem to be secured as long as the area is productive and has

high habitat diversity. From a conservation perspective, this is challenging since traditionally

protected areas are established in areas where productivity is low and possibilities for exploita-

tion are poor [54]. On the other hand, the response of functional diversity to landscape struc-

ture is much more complex than in the case of taxonomic and phylogenetic diversity. For the

protection of functional diversity in communities, the matrix is important in addition to the

properties of the protected area itself. It seems that uniform areas with low habitat diversity

embedded in a matrix with little disturbance have the highest functional diversity. Finally, spe-

cialist species benefit from protected areas with high productivity and habitat diversity, and

from matrices with a large proportion of old forest. Thus, for specialist species and to prevent

biotic homogenization, the matrix quality is of great importance.

Matrix impacts diversity
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33. De Bello F, Lavergne S, Meynard CN, Lepš J, Thuiller W. The partitioning of diversity: showing Theseus
a way out of the labyrinth. Journal of Vegetation Science 2010; 21:992–1000.

34. Julliard R, Clavel J, Devictor V, Jiguet F, Couvet D. Spatial segregation of specialists and generalists in
bird communities. Ecology letters 2006; 9:1237–44. https://doi.org/10.1111/j.1461-0248.2006.00977.x
PMID: 17040326

35. Pavoine S, Dufour AB, Chessel D. From dissimilarities among species to dissimilarities among commu-
nities: a double principal coordinate analysis. Journal of Theoretical Biology 2004; 228:523–537.
https://doi.org/10.1016/j.jtbi.2004.02.014 PMID: 15178200

36. Ricotta C. A note on functional diversity measures. Basic and Applied Ecology 2005; 6:479–486.

37. Petchey OL, Gaston KJ. Functional diversity (FD), species richness and community composition. Ecol-
ogy Letters 2002; 5:402–411.

38. Miles DB, Ricklefs RE. The Correlation Between Ecology and Morphology in Deciduous Forest Passer-
ine Birds. Ecology 1984; 65: 1629–1640.

39. Lederer RJ. Bill size, food size and jaw forces of insectivorous birds. Auk 1975; 92:385–387.

40. JetzW, ThomasGH, Joy JB, Hartmann K, Mooers AO. The global diversity of birds in space and time.
Nature 2012; 491:444–8. https://doi.org/10.1038/nature11631 PMID: 23123857

41. JetzW, ThomasGH, Joy JB, Redding DW, Hartmann K, Mooers AO. Global distribution and conserva-
tion of evolutionary distinctness in birds. Current biology 2014; 24:919–30. https://doi.org/10.1016/j.
cub.2014.03.011 PMID: 24726155

42. Laaksonen T, Lehikoinen A. Population trends in boreal birds: Continuing declines in agricultural, north-
ern, and long-distance migrant species. Biol. Cons. 2013; 168:99–107.

43. Devictor V, Clavel J, Julliard R, Lavergne S, Mouillot D, Thuiller W et al. Defining andmeasuring eco-
logical specialization. Journal of Applied Ecology 2010; 47:15–25.

44. Tomppo E. Multi-source national forest inventory of Finland. In: Nyyssönen A, Poso S, Rautala J (Eds.).
Proceedings of Ilvessalo symposium on national forest inventories. The Finnish Forest Research Insti-
tute, Research Papers 444; 1993, pp. 53–61.
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dent from their surrounding matrix. The quality and quantity of the 
matrix surrounding isolated areas influence the rate of species loss 
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-

quality in the matrix might influence the species composition within the protected 

-

Finnish forest reserves and the quality of their surrounding matrix alter species and 

-
munities within the reserves did not strongly depend on the quality of the matrix. 

-
-

-

protected areas
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the impact of the edge falls upon larger proportion of the area (e.g., 

within protected areas is highly sensitive to the quality of the matrix 

management in the matrix is associated with lowered species special-

-

-

within protected areas even if the alpha diversity remains unchanged. 
In such a case, conservation planning should take into account the 
structure of the landscape surrounding the protected areas.

-
dom species extinctions and invasions due to human activities. 

(McKinney, 2006) and intensive agriculture (Ekroos, Heliölä, & 
-

environments (Clavel, Julliard, & Devictor, 2011; McKinney & 
-

specialist species (Devictor, Julliard, & Jiguet, 2008; McKinney & 

-
sity over space and time (Clavel et al., 2011). Forest ecosystems are 
highly altered due to human activities (Secretariat of the Convention 

-

(Lundmark, Josefsson, & Östlund, 2013; Pohjanmies et al., 2017; 
Vanha- Majamaa et al., 2007).

-
come functionally more similar, ultimately affecting ecosystem func-

-
ity of the species to adapt to particular environmental characteris-

-

& Telleria, 1990; Jønsson, Lessard, & Ricklefs, 2015; Miles & Ricklefs, 

-

-
aging in the matrix (Jokimäki & Huhta, 1996), whereas others are 
strictly confined to old- growth forests. The managed forest matrix 
may thus alter the community composition within protected areas 

use of the resources in the matrix. Correspondingly, Mönkkönen, 
-

managed forests than in continuous old- growth forests. The effects 

-

The aim of this study was to determine whether the matrix qual-
-

nities and whether the Finnish protected area network suffers from 

-

matrix quality. Specifically, we ask whether the matrix quality affects 
(1) the taxonomical community composition, (2) functional trait com-

large areas, and in case of small areas, on managing the surrounding ma-
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in the reserves and in their surrounding matrix. In particular, we hypoth-

|

|

small lakes, and ponds are characteristics of the landscape. Most 
forests are intensively managed. This study focuses on 91 unman-
aged nature reserves with a total area of approximately 3,100 km2. 

SD
was 13,047 m.

|

|

Land use and cover data were acquired from the 8th National 
Forest Inventory of Finland (NFI) for which the data were collected 

satellite images and their interpretation, and entirely cover the pro-
tected areas and their matrices. Data resolution is 25 m × 25 m. For 
each pixel of forested land, NFI produces an estimate of growing 
stock volume separately for Pinus sylvestris, Picea abies, Betula spp., 

-
est (peatland, water, agricultural land, roads, and settlements) lands 
are used to separate nonforest areas from forest. Using these data, 
land cover of the study area was classified into nine classes ac-
cording to vegetation structure (see Brotons, Mönkkönen, Huhta, 

only grow on fertile soil while less fertile sites are usually pine- 

sum of the three cover types with more than 100 m3

northern Finland is 118 m3 3/
ha (Peltola, 2014). Therefore, we chose 100 m3

Map of the study area 
and the location of the forest reserves in 
northern Finland
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-
trix quality within 5 km radius around the reserves. 5 km radius 
was selected to make sure that the matrix could have impact on 
species with large home ranges such as large raptors. Larger radii 
could have resulted in an excessive overlap in matrices of neigh-

-

landscape composition compared with the reserve itself. This as-

-

-

|

-

whether species living in protected areas are safeguarded from the 
impacts of logging we focused on forest species, and thus of the 
129 species in the original data, including wetland species, we se-

-

On average, 1 km of transect per km2 of land area was surveyed; 

significantly among years (Brotons et al., 2003).

|

-

-

habitat type

Matrix

x̄ Min Max x̄ Min Max

Pine- spruce 
>100 m3/ha %

1 16.9 0.8 56.2 7.2 0.9 25.1

Pine >100 m3/ha % 2 3.3 0.1 19.0 2.6 0.3 8.6

Spruce- Deciduous 
>100 m3/ha %

3 6.8 0.2 38.6 3.2 0.5 10.0

Spruce 
25—100 m3/ha %

4 12.4 1.4 34.6 9.9 2.5 21.2

Pine 
25—100 m3/ha %

5 10.9 0.4 27.3 13.1 3.9 25.0

Spruce- Deciduous 
25—100 m3/ha %

6 10.7 1.9 45.0 14.4 5.4 33.9

7 20.0 0.3 50.9 18.6 7.3 33.2
3/ha % 8 5.7 0.7 17.9 15.1 5.4 32.9

Other open areas % 9 13.3 0 35.9 15.8 7.1 26.4

Percentages of the cover 
types inside the protected areas and their 
matrices. The average, minimum and 
maximum percentages are shown

Description of the traits included in the analyses

Morphological traits

Log- transformed Body mass (g) Continuous

Bill ratio
height)

Continuous

1/3) Continuous

Tarsus length 1/3) Continuous

Tail length 1/3) Continuous

Migratory patterns

Resident, 
migratory resident or migratory 

(either long-  or 
short- distance)

Categorical, 
two levels

SSI -
tion index

Continuous

Population characteristics

Continuous

Population trend -
tions have increased, 
decreased, or remained 

20–30 years in Finland.

Categorical, 
three levels
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-
cies (Lederer, 1975). Third, we calculated three further ratios (wing 

1/3 1/3, and tail length/
1/3

Jiguet, & Couvet, 2006). For the calculation of SSI, we used Finnish 
point count data that were collected 1984–2011 (Laaksonen & 

-
lated the coefficient of variation (standard deviation/average among 

the population trends of the species in Finland. For the latter one, 

|

|

-
pling units, we divided the transects into 1 km segments, the small-
est length of the original transects, randomly assorted the counts 
of each species to the segments, and then transformed the data to 

-

the 91 reserves.

-
ductivity within reserves (proportion of productive forest types), (3) 
the proportion of old forests within reserves, and (4) the proportion 

-

data (i.e., segments nested within reserves), we included the reserve 

-

where we refitted the model 91 times so that each time we excluded 
-

among the environmental covariates and random effects, and to 
-

|

bird community composition

-
cies/1 km transect) and community composition. For this, we cre-

-
cies for 1 km transect segments.

-

-

vice versa. Productivity was set to its mean value for all simulated 
forests.

For each of the scenarios, we generated 100 simulated commu-
nities, for each of which we sampled the model parameters from the 

the expected species density, as well as community similarity to the 

community structure.
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reserve is more similar to the natural reference community than a 
community in low- quality reserve separately for the four cases cor-
responding to a small versus large reserve, and low-  versus high- 
quality matrix, (2) the community in a large reserve is more similar 
to the natural reference community than a community in a small 
reserve, separately for the four cases corresponding to a low-  ver-
sus high- quality reserve, and low versus high- quality matrix, and 

is more similar to the natural reference community than a commu-

corresponding to a small versus large reserve, and low-  versus high- 
quality reserve.

|

functional bird community composition

in each simulated scenario, we converted the predicted data on 

-
ing the values of each trait category over the species predicted in 

posterior mean of mean trait values in each scenario and the poste-

scenario than in the reference scenario.

|

in community composition among reserves increases with increas-
ing human impact in the matrix, we defined the following homog-

pij

of species j under a scenario i. Then Vij=pij(1−pij) corresponds to 

Vi as the mean 
value of the Vij

under the scenario i. If Vi

are deterministic: Some species are present with certainty and oth-

Vi

Baseline: large area, high quality inside and outside Large reserve with high proportion of old forests and 

Small, low quality inside and high quality outside Small reserve with low proportion of old forests and low 

Small, low quality inside and low quality outside Small reserve with low proportion of old forests and 

Small, high quality inside and high quality outside Small reserve with high proportion of old forests and 

Small, high quality inside and low quality outside Small reserve with high proportion of old forests and 

Large, low quality inside and high quality outside Large reserve with low proportion of old forests and 

Large, low quality inside and low quality outside Large reserve with low proportion of old forests and 

Large, high quality inside and low quality outside Large reserve, with high proportion of old forests and 
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Vi for all scenarios, and 

was lower than for the reference scenario. In their relatively similar 
approach, Baeten et al. (2014) use the sum of Vij instead of mean, 

each scenario than for the reference scenario is identical whether 
it is computed for sum or mean.

to our hypotheses.

|

|

Based on the cross- validation, the fitted model explained 50% of 

the species) at the level of 1 km segments. Out of this variation, the 
environmental covariates explained 70%, and the random effects 
(i.e., reserve id) 30% (Figure S1). Most of the explained variation 

-

The productivity of the forests explained the remaining 14% of the 
variation.

|
matrix quality on bird community composition

-
ence scenario were those from the scenarios which had a high- quality 

within reserves is the main driving force to community composition. 
-

munity and a community in a high- quality reserve was greater than 

0.1 to 0.88.

in small reserves. For example, similarity of a community in a small 
-

trix with the reference scenario was equal to that of a large reserve 

≪0.9); were the matrix effects 

a small than a large reserve.
The expected species density was highest (15.8 species/1 km 

-
ences ≪

|

The traits included in the model explained 52% of the variation ex-

Effect of patch quality

A                 B  A                  B     A                  B       A                     B

       A                  B        A                  B        A                  B         A                    B

Effect of matrix 
quality

A                  B A                  B        A                  B         A                    B
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length was larger and the relative tarsus length smaller in those sce-

we found no support for the hypothesis that low- matrix quality 
-

an increasing population trend were less prevalent in scenarios 

|

The results provide support for the hypothesis that matrix quality is 
-

matrix and second highest for the reference scenario (scenarios 1 and 

-

the smallest ones, their difference from the reference scenario did 
-

served for the scenario where large low- quality reserve is surrounded 

|

-
-

old forests. Even though the matrix quality did not strongly in-

in low- quality matrix than in high- quality matrix. Importantly, in 

|

contrast to results from earlier studies (Devictor, Julliard, Clavel, et al., 
2008; Kennedy, Marra, Fagan, & Neel, 2010; Stouffer, Strong, & Naka, 

-

to the design and scale of the study. First, our study units (i.e., reserves) 
were on average larger than in the precedent studies (our study units 
were 34 km2 on average, whereas Devictor, Julliard, and Jiguet (2008) 
used 4 km2 study units and Kennedy et al. (2010) worked on 1 km2 study 

-
ern forest reserves is not contrasting enough. In studies in which strong 
matrix effects were found (Kennedy et al., 2010; McKinney, 2006), the 

represent forests in the very early successional stage. In our case, the 

|

larger areas compared with small. Thus, larger reserves do not contain 
more species per unit area even if total species richness increases with 
the area of reserves (Häkkilä et al., 2017). In contrast, we found the high-
est predicted species density for the scenario of small area with high 

stem from the spillover effect from the surrounding matrix (landscape 
supplementation, sensu Dunning, Danielson, & Pullian, 1992). Even the 
highest- quality matrix contained more early and mid- successional forests 

associated with early-  and mid- successional forests. Our result does not 

-

human- modified landscapes foster fewer species than old forests em-

small reserves may have the highest species densities due to the spillover.

|

-



| HÄKKILÄ ET AL.

-

old forest cover and high- quality matrix.
Second, reserves with low old forest cover showed lower aver-

-

than reserves with low old forest cover. This result supports previ-

|

The results provide some support for the hypothesis that matrix quality 

-

-

in low- quality matrix. This may also result from landscape supplemen-
tation effect (sensu Dunning et al., 1992), that is, a spillover into the 

|

northern Finnish forest reserves, it is more important to focus on 

than in the surrounding matrix. However, we note that this study 
-

-
tion due to impoverished matrix quality. Thus, if the quality of the 
matrix is not considered in conservation planning, this may com-

local communities.
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