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Wistbacka, Ralf, Monitoring and conservation of endangered Siberian flying
squirrel (Pteromys volans) populations. Implications for sustainable forest
management
University of Oulu Graduate School; University of Oulu, Faculty of Science
Acta Univ. Oul. A 781, 2023
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

In this thesis, I focused on the endangered Siberian flying squirrel (Pteromys Volans) and its
habitats, which are under pressure from widespread forest clear-cutting in Finland. I used long-
term capture-recapture data from nest-box populations of the flying squirrel, in Western Finland.
I studied variation in population size and demographic rates focusing on the impacts of habitat
destruction caused by forestry and environmental factors. In 25 years, 76.4% of the breeding
habitat in my study area in Luoto was lost due to clear-cutting. The flying squirrel population size
declined towards the middle of the study and increased again in the latter half of the study but was
constantly clearly below the carrying capacity. Survival rates were rather low (0.43–0.48). In
Luoto, survival of females declined towards the middle of the study but increased towards the end
of the study suggesting a major contribution of survival to the population growth rate. Annual
variation in survival was linked to predation risk and climatic conditions. Importantly, survival
increased with breeding habitat patch size until about 4–6 ha in size. Population recovery was
associated with females crowding into larger breeding habitat patches with larger nest site
resources. The second part of my thesis examines habitat requirements of the flying squirrel. I
demonstrate that conservation practices were inefficient in protecting flying squirrels. Areas with
breeding sites where forests were cut according to guidelines failed to support flying squirrels,
whereas occupancy of flying squirrels remained unchanged in untouched areas. Occupancy of
flying squirrels increased strongly with the amount of suitable habitat and patch size, which is in
line with the patch size effect on survival. This illustrates that the delineated areas of 0.07–0.24 ha
were far too small to support breeding flying squirrels. Patch size decreased strongly over the
course of the study. In the latter years, occupied patches were on average 3.91 ha whereas
unoccupied were 1.49 ha. These results warrant radical changes in the legislation regarding
forestry practices if we are to maintain flying squirrel populations. Currently, breeding habitat for
the flying squirrel is rapidly disappearing.

Keywords: biodiversity, endangered species, forestry impact, habitat destruction,
habitats directive, legislative protection, Pteromys volans, science-policy gap, survival





Wistbacka, Ralf, Uhanalaisen liito-oravan (Pteromys volans) populaatioiden
seuranta ja suojelu – viitteitä kestävän metsätalouden kehittämistyölle. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 781, 2023
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Tutkimukseni perehtyy uhanalaiseen liito-oravaan (Pteromys volans), jonka elinympäristöjä
uhkaavat laajamittaiset avohakkuut. Tutkin Länsi-Suomessa kerätyn pitkäaikaisen merkintä-
takaisinpyyntiaineiston avulla elinympäristöjen tuhoamisen sekä ympäristötekijöiden vaikutuk-
sia lajin runsauteen ja demografiaan. Luodon tutkimusalueen liito-oravametsistä avohakattiin 25
vuoden aikana 76,4 %. Tutkimuksen keskivaiheilla kanta väheni jyrkästi, mutta palautui lopussa;
alittaen koko ajan selvästi alueen kantokyvyn. Keskimääräinen säilyvyys oli melko matala
(0,43–0,48). Luodossa naaraiden säilyvyys korreloi populaation koon muutosten kanssa osoitta-
en säilyvyyden olevan ratkaiseva tekijä kannan kasvukertoimelle. Säilyvyyden ajallinen vaihte-
lu oli sidoksissa saalistusriskiin sekä sääolosuhteisiin. Tärkeä havainto oli, että naaraiden säily-
vyys parani lisääntymiseen sopivan metsälaikun koon kasvaessa noin 4–6 ha kokoon saakka.
Populaation palautumisvaiheessa havaitsin naaraiden tiivistyneen laajempiin metsälaikkuihin,
joissa oli suuremmat pesäpaikkaresurssit. Toinen väitökseni keskeinen tutkimusaihe perehtyi lii-
to-oravan elinympäristövaatimuksiin. Pystyin osoittamaan, että viralliset suojelutoimet eivät
mahdollistaneet liito-oravan suojelua. Liito-oravat hävisivät metsistä, joissa lisääntymispaikan
hakkuut tehtiin viranomaisohjeistuksen mukaan ja samalla liito-oravat säilyivät verrokkialueil-
la. Liito-oravan esiintymisen todennäköisyys kasvoi sopivan metsälaikun koon myötä, mikä on
linjassa metsälaikun koon säilyvyysvaikutuksen kanssa. Viranomaisrajausten pinta-alat,
0,07–0,24 ha, olivat liian pienet taatakseen liito-oravan lisääntymis- ja levähdyspaikkojen säily-
misen. Seurannan aikana liito-oravalle sopivien laikkujen koko väheni merkittävästi. Loppuai-
koina asuttujen laikkujen keskipinta-ala oli 3,91 ha ja tyhjien vain 1,49 ha. Esittämäni tulokset
edellyttävät merkittäviä muutoksia metsätaloutta ohjaavaan lainsäädäntöön, jotta liito-oravan
populaation koko ei romahtaisi tulevaisuudessa. Metsätalous tuhoaa jatkuvasti laajassa mittakaa-
vassa liito-oravan lisääntymismetsiä.

Asiasanat: elinympäristöjen tuhoutuminen, habitaattidirektiivi, lakisääteinen suojelu,
luonnon monimuotoisuus, luontokato, metsätalouden ympäristövaikutukset, Pteromys
volans, säilyvyys, tieteen ja käytännön välinen poikkeama, uhanalaiset lajit





Wistbacka, Ralf, Monitorering och skydd av den utrotningshotade flygekorren
(Pteromys volans) - nya utgångspunkter för utvecklandet av ett hållbart skogsbruk. 
Forskarskolan vid Uleåborgs Universitet; Uleåborgs Universitet, Naturveten-skapliga fakulteten
Acta Univ. Oul. A 781, 2023
Uleåborgs Universitet, PB 8000, 90014 Uleåborgs Universitet, Finland

 Sammandrag

I min avhandling har jag fokuserat på den utrotningshotade flygekorren (Pteromys volans) och
dess livsmiljöer, som i Finland hotas av omfattande kalhyggen. Min forskning baseras på ett
omfattande fångst-återfångstmaterial, som insamlats i västra Finland. Jag studerade variationen i
populationernas storlek och demografi i relation till skogsbrukets förstörande av livsmiljöerna
samt miljörelaterade bakgrundsfaktorer. Under 25 år kalhöggs 76,4% av flygekorreskogarna i
undersökningsområdet i Larsmo. I mitten av perioden minskade beståndet kraftigt för att
därefter återhämta sig. Antalet honor var hela tiden lägre än områdets ekologiska bärkraft.
Flygekorrens överlevnad var i medeltal rätt låg (0,43–0,48). I Larsmo var honornas överlevnad
lägre i mitten av undersökningsperioden för att därefter öka, vilket påvisar att överlevnaden
märkbart påverkar populationens tillväxtkoefficient. Överlevnaden påverkades av risken för
predation samt av klimatet. En viktig observation var att honornas överlevnad i ett skogs-
fragment gynnades av en ökad storlek upp till en yta av 4–6 ha. Under populationens
återhämtningsskede noterades att flera honor kunde bo tillsammans i större fragment med mera
lämplig skog kring boplatserna. Undersökningens andra tyngdpunkt var att klargöra flyg-
ekorrens habitatkrav. Jag påvisade att de skyddsåtgärder som gjordes i enlighet med gällande
lagstiftning, inte var tillräckliga för att bevara flygekorren. De föröknings- och rastplatser som
avgränsades med myndighetsbeslut övergavs i regel, medan kontrollområdena förblev bebodda.
Flygekorrens förekomst ökade starkt i takt med ytan av lämplig skog, vilket korrelerade med den
ökande överlevnaden. De avgränsade förökningsplatserna, 0,07–0,24 ha, var alldeles för små för
flygekorrehonorna. Ytan hos de fragment som lämpar sig för flygekorre minskade drastiskt och i
slutet av undersökningsperioden var de bebodda fragmenten i medeltal 3,91 ha medan de tomma
var endast var 1,49 ha. Resultaten påvisar att det krävs oerhörda förbättringar av skogsbrukets
lagstadgade skydd av flygekorren om vi skall lyckas bevara det nuvarande beståndet. För
närvarande förstörs de skogar där flygekorren kan föröka sig i en mycket stor omfattning.

Sökord: biodiversitet, hotade arter, miljöeffekter av skogsbruk, ekosid,
habitatförstörelse, habitatdirektivet, lagstadgat skydd, pteromys volans, överlevnad,
klyfta mellan policy och vetenskap





 

Love is the seventh wave (Sting, 1985) 
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1 Introduction  

1.1 An Earth of life and death 

Life on Earth has passed through five waves of mass extinctions: The Ordovician 

Mass Extinction, Devonian Mass Extinction, Permian Mass Extinction, Triassic-

Jurassic Mass Extinction, and the Cretaceous-Tertiary Mass Extinction (Raup and 

Sepkoski, 1982). The first mass extinction occurred 440 million years ago and the 

last and best known, believed to have been caused by a large asteroid hitting the 

earth 65 million years ago, caused the extermination of the dinosaurs and thus 

paved way for mammals to inherit the earth (Raup and Sepkoski, 1982). At present 

we are surfing on the sixth wave of mass extinction i.e., the Holocene extinction, 

often referred to as the Anthropocene extinction, since extinction is caused by 

human overuse of the planets resources an enhanced by human induced climate 

change. The extinctions span numerous families of plants and animals including 

mammals, birds, reptiles, amphibians, fishes, and invertebrates. The current rate of 

extinction is estimated at 100 to 1,000 times higher than natural background 

extinction rates. To commemorate this event of substantially damaging or 

destroying ecosystems a new term “ecocide” has been coined (Pimm et al., 1995; 

2014). 

1.2 The shrinking world  

The concepts of endangered species and habitats have by necessity become a 

cornerstone for conservation efforts. According to the International Union for 

Conservation of Nature (IUCN) out of 37,400 assessed species 28% are threatened 

by extinction. For mammals the percentage is 26 (IUCN, 2020). Using the data 

from 20,811 populations of 4,392 species, the 2020 Global Living Planet Index 

(LPI) shows an average 68% decline in monitored mammals, birds, amphibians, 

reptiles, and fish populations between 1970 and 2016 (range: -73% to -62%). 

Seventy-five percent of the Earth’s ice-free land surface has already been 

significantly altered, most of the oceans are polluted, and more than 85% of the 

area of wetlands has been lost (WWF, 2020). 

 In Finland, forests harbour the majority of Red Listed species. The 833 forest 

living species on the list constitute 31.2% of the Red Listed species and one out of 

ten forest living species is Red Listed. Out of 58 assessed mammal species, 29.3% 
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are Red Listed (Hyvärinen et al., 2019). In addition to this, extant habitats have 

been classified as endangered and 76% of forest types are Red Listed (Kontula and 

Raunio, 2018). The amount of protected forests is considered too low to prevent 

further declines of endangered forest species (Hanski, 2003; Virkkala and Toivonen, 

1999; Virkkala et al., 2013).  

The World Economic Forum (WEF) has in its survey of risks for global 

economy and society noted with grave concern the consequences of continued 

environmental degradation, including the record pace of species decline. For the 

first time in the 15-year history of the survey, the top five risks are all environmental, 

indicating a higher-than-average perception of both the likelihood and the impact 

of these environmental risks affecting the global economy, and society, within the 

next 10 years. But despite the need to be more ambitious when it comes to for 

instance climate action, the UN has warned that “countries have veered off course 

when it comes to meeting their commitments under the Paris Agreement on climate 

change” (WEF, 2020).   

Counteracting environmental degradation does not seem to evolve with the 

desired velocity, even within the European Union. In May 2006, the Commission 

adopted a Communication and Action Plan on "Halting the loss of biodiversity by 

2010 - and beyond: conserving ecosystem services for human well-being". As the 

Union was unlikely to meet its 2010 target of halting biodiversity loss, the 

Commission adopted a new strategy in June 2011. It aims to halt the loss of 

biodiversity and the deterioration of ecosystem services in the European Union by 

2020 and to restore ecosystem services, while enhancing the European Union's 

response to global biodiversity loss (Anon., 2020). It would appear that the target 

will now be set for 2030. 

1.3 How to prevent ecocide  

The classic method for enhancing habitat and species protection is setting aside a 

network of protected areas covering terrestrial and marine habitats 

(www.protectedplanet.net/en). There is, however, an apparent deficit in the amount 

and coverage of protection areas, as can be exemplified with the situation in 

Southern Finland where only 3.6% of the forests are strictly protected (Hanski, 

2003; Virkkala and Toivonen,1999; Virkkala et al., 2013).  

The use of legislation for integrating conservation of endangered species into 

economical practises is therefore also commonly used. In the European Union, the 

Habitats Directive 92/43/EEC is considered a main driver in this regard (e.g., 
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Donald et al., 2007). The European Commission Habitats Directive (92/43/EEC) 

prohibits deterioration or destruction of breeding sites or resting places of among 

others the Siberian flying squirrel (Pteromys volans), which is a strictly protected 

species (listed in Annex IVa of the Directive). Legislation is one of the key tools 

for preserving nature from anthropogenic damage, but its effectiveness is rarely 

evaluated (Santangeli et al., 2013 a). 

Habitat loss and fragmentation are commonly regarded as being among the 

greatest threats to global biodiversity and these processes provide a big challenge 

for preventing ecocide, both regarding developing a network of protected area and 

implementing legislative protection measures. Habitat loss is defined as the loss of 

habitat for a given species from an area. Fragmentation is the process of breaking 

apart of formerly continuous habitat. Presently forests are regarded as the biome 

most affected by habitat loss and fragmentation and more than 70% of the world’s 

forests lie within 1 km from an edge and are thus subject to altered microclimate, 

human activities and non-forest species might influence and degrade forest 

ecosystems (Koprowski, 2005; Haddad et al., 2015). 

However, preserving populations of species occupying remaining fragments 

via protected areas or legislation is challenging because of unknown effects of 

fragmentation on demographic processes such as survival, reproduction and 

movement which ultimately determine local population persistence. Existing 

conservation actions may not be enough. Fragmentation can result in various 

effects caused by reduction in patch areas, increased amount of edge habitat and 

isolation of habitat patches, which depend on the focal species habitat demands and 

dispersal capacity. Impaired dispersal can also cause loss of genetic variation 

(Andrén, 1994; Schmiegelow and Mönkkönen, 2002; Fahrig, 2003; 2018). This 

accentuates the need for a thorough scientific knowledge of species habitat 

demands across all life stages to enable science-based conservation measures 

(Courchamp et al., 2015).  

Fragmentation leads into varying spatial isolation of local populations. For 

conservation purposes, it would be important to clarify whether the focal 

populations of the studied species functions as some type of metapopulation i.e., 1) 

A classic metapopulation where all local populations can become extinct and the 

rate of extinction is balanced by recolonization (Hanski, 1998), 2) A mainland-

island population where a large or high quality patch supports a large population 

with no risk of extinction and smaller surrounding populations are dependent on 

immigration from the mainland population (Harrison, 1991), which is equivalent 

source-sink dynamics (Pulliam, 1988; Runge et al., 2006), 3) A patchy population, 
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where individuals in an interbreeding population have clumped distributions but 

extinctions are hindered by high dispersal between patches and 4)  A non-

equilibrium population, where no dispersal between patches occur and extinction 

is larger than colonization (Harrison  1991; Driscoll, 2007). Patchy and non-

equilibrium populations are not ubiquitously considered as metapopulations 

(Driscoll, 2007).  

Habitat destruction affects species abundance by reducing the carrying 

capacity of the environment. A certain area can hold only a certain number of 

individuals and changes in this threshold dictates population size development 

(Monte-Luna, 2004; Hixon, 2008). As habitat destruction results in smaller patches, 

the effect on carrying capacity can be larger through a reduction in habitat quality, 

if the remaining available habitat patches are of low quality or too small. The 

mechanisms behind the patch size effect are often species specific (Schmiegelow 

and Mönkkönen, 2002; Holland and Bennett, 2010; Mortelliti et al., 2011; 2014). 

Generally, survival, reproduction and immigration decline whereas emigration 

increases with decreasing patch size, and hence small patches are often less likely 

to be occupied (Mortelliti et. al, 2011; 2014, Pakanen et al., 2017; Remm et al., 

2017).  

The impact of fragmentation depends on the species’ response to the landscape 

which can be either coarse-grained or fine-grained. A coarse-grained response 

means that patch use of an individual is confined only to a patch that is of sufficient 

area or quality to secure enough resources for survival and small fragments can 

remain unused (Ims et al., 1993; Andrén, 1994; Selonen et al., 2001). Within the 

context of a fine-grained response an individual can react through an expansion 

response by using several habitat patches in order to retrieve enough resources for 

survival. In case an expansion response is impossible due to bad connectivity in the 

landscape, a decreasing fragment area could provoke either a fusion or a fission 

response in vertebrates. In a fission response, the overlap between individual home 

ranges decreases when habitat patch area approaches the minimum space 

requirements of residing individuals. In a fusion response, the size of the home-

range decreases and the overlap between individuals increases (Ims et al., 1993; 

Smith et al., 2011). This phenomenon of crowding can also be explained by a 

sudden loss of habitat which causes surviving animals and birds to gather in 

remaining fragments (Lovejoy et al., 1986).  

The utilization of patches can also be affected by edge effects. Forest 

harvesting causes increased physical edge effects in remnant forests (Schmiegelow 

and Mönkkönen, 2002) such as increased amount of sunlight, wind, temperature 
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variation and other changes to microclimatic conditions that can restrict occurrence 

of sensitive or ecologically important species. On the other hand, forest 

management near fields can enhance occurrence of ecologically valuable 

deciduous trees (i.e., aspen and alder) in the forest (Santangeli et al., 2013 b). Edge 

effects can trigger three types of responses by organisms. These edge responses can 

be positive if valuable resources are situated along the forest edge, neutral if 

resources are spread evenly and the species does not shy away from edges and 

negative if the species avoids the edge zone i.e., to avoid predation. A negative 

response can imply that the species is not able to use all available resources in the 

patch (Ries et al., 2002; Schmiegelow and Mönkkönen, 2002; Desrochers et al., 

2003; Santangeli et al. 2013b; Döbbert et al., 2014). 

In a landscape with more than 30% of the original habitat left, the total area 

can be of greater importance for the focal species than the spatial configuration of 

remaining patches. But when the landscape consists of only 10% ̶ 30% or less, 

fragmentation may isolate local populations (Andrén, 1994). Defining empirical 

thresholds regarding species tolerance to habitat alteration thus represent a 

formidable challenge (Guénette and Villard 2004). 

As occupancy studies are unable to describe the root causes in population 

change, long-term individual-based studies addressing demographic effects of 

fragmentation via diminishing patch size, lower patch quality and disrupted 

connectivity are needed (Delin and Andrén, 1999; Verbeyelen et al., 2003; Guénette 

and Villard, 2004; Mortelliti et al., 2011). The demographic impacts of 

fragmentation may further be dependent on a multitude of other factors, such as 

predation, food availability and weather that vary annually (Wolff et al., 1997; 

Gomez et al. 2005; Smith, 2007; Banks et al., 2008; Wauters et al., 2008; Holland 

and Bennet, 2010; Selonen and Wistbacka, 2016; Selonen et al., 2016; Sullivan et 

al., 2017; Öst et al., 2018).  

Should available knowledge on how habitat availability determines abundance 

and demography prove insufficient, it is vital to provide new reliable scientific 

knowledge to enable advancing a science-based conservation effort 

1.3.1 Tree living squirrels  

Squirrels are members of the family Sciuridae, a family that includes small or 

medium-size rodents. The squirrel family includes tree squirrels (Sciurini), ground 

squirrels (Marmotini), including chipmunks and prairie dogs, among others), and 

flying squirrels (Pteromyini). Squirrels are indigenous to the Americas, Eurasia, 
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and Africa, and were introduced by humans to Australia (Seebeck, 1989). Squirrels 

live in almost every habitat, from tropical rainforest to semiarid desert, avoiding 

only the high polar regions and the driest of deserts. They are predominantly 

herbivorous, subsisting on seeds and nuts, but many will eat insects and even small 

vertebrates (Thorington et al., 2012). 

Tree squirrels are the members of the squirrel family that are commonly 

referred to as "squirrels." They include more than 100 arboreal species native to all 

continents except Antarctica and Oceania (Thorington et al., 2012). Tree squirrels, 

unlike most mammals, can descend a tree head-first. They do so by rotating their 

ankles 180 degrees, enabling the hind feet to point backward and thus grip the tree 

bark from the opposite direction. (Thorington et al., 2012). Ground squirrels and 

tree squirrels are usually either diurnal or crepuscular, while the flying squirrels 

tend to be nocturnal - except for lactating flying squirrels and their young, which 

have a period of diurnal activity during the summer (Thorington et al., 2012, Hanski 

et al., 2000)  

Tree squirrels are dependent on forests and have been shown to be sensitive to 

habitat loss and fragmentation. The Eurasian red squirrel (Sciurus vulgaris) is, for 

example, generally considered sensitive to fragmentation (Koprowski, 2005). 

Verbeyelen et al. (2003) proposed a minimum patch size of 3.5 ha, while other 

studies conclude that habitat depletion is the main driver for population size and 

that females can show a fusion response to patch size reduction (Delin and Andrén, 

1999, Verbeyelen et.al., 2009). Regarding the North American red squirrel 

(Tamiaris hudsonicus), the eastern chipmunk (T. striatus) and the grey squirrel 

(Sciurus carolensis), no definitive minimum patch size has been determined. These 

species seem to nevertheless favour larger patches but are able to increase density 

in smaller patches (Koprowski, 2005; Walpole & Bowman, 2010; Selonen and 

Mäkeläinen, 2017).  

North American flying squirrels i.e., northern flying squirrel (Glaucomys 

Volans) and southern flying squirrel (Glaucomys sabrinus) seem to prefer larger 

patches (Walpole and Bowman, 2010) but the northern flying squirrel is also 

described as a habitat generalist (Sullivan et. al, 2017). Regarding the southern 

flying squirrel, a minimum habitat patch size of 4 ha has been presented, which 

probably is related to the species’ large wintering groups consisting of 3 ̶ 10 and up 

to 50 individuals (Garroway et al., 2013). Non-breeding females of the northern 

flying squirrel can share dens, while breeding females exhibit a fusion response 

being territorial around den trees but sharing foraging areas (Smith et al., 2011).     
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1.3.2 The Siberian flying squirrel  

The Siberian flying squirrel (Pteromys volans), hereafter flying squirrel, is a small 

nocturnal tree squirrel widely spread throughout the Eurasian taiga from Finland to 

Hokkaido (Fig. 1). Within the European Union, the vast majority of the species 

population occurs in the southern part of Finland (Santangeli et al., 2013b). Estonia 

is the only other member of the European Union hosting flying squirrels, but the 

population there is small and fragmented (Leivits et al., 2015). 

 

Fig. 1. Occurrence of flying squirrel in Finland (left; © SLL) and globally according to 

Schrader (2011) (right). 

The flying squirrel mainly feeds on leaves, buds, catkins, flowers, and seeds of 

deciduous trees. The amount of deciduous trees within spruce forests influences the 

occurrence of flying squirrels (Reunanen et al., 2004). Large spruce trees (Picea 

abies) are perceived to provide cover against predators i.e., Ural owls (Strix 

uralensis), eagle-owls (Bubo bubo) and goshawks (Accipiter gentilis) and are used 

for storing catkins as winter food (Mäkelä, 1996a). Litters are reared in cavities 

built by the great spotted woodpecker (Dendrocopus major), but nest boxes are 

readily used as they both provide shelter from pine marten (Martes martes) 

(Lampila et al., 2009a; Wistbacka et al., 2018). According to Selonen and 

Mäkeläinen (2017), females prefer natural cavities for breeding and do not give 

birth in dreys built by red squirrels (Sciurus vulgaris). Females can however move 

young (< 14 days old) pups to dreys from nest boxes after disturbance (own 

observation). However, to my knowledge, no studies of flying squirrels have been 
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made in habitats where dreys are the only available nest sites. A female typically 

has one litter per year but around 15% can rear two litters (Selonen and Wistbacka, 

2016). During winter, females use both dreys built by the red squirrel and nest 

boxes/cavities (Lukkarila, 2002). During the main breeding period (April-June) 

nest boxes, natural cavities and to some extent buildings are predominantly used. 

After breeding some of the females move back into dreys (Fig. 2).   

Fig. 2. Female nest site use in Luoto 1999 ̶ 2000 (Adapted from Lukkarila, 2002). Eight 

females and a total of 280 observations. Dark grey= buildings, white = natural cavities, 

grey = nest boxes and black = dreys built by red squirrel. 

In Finland, flying squirrels are declining due to the destruction of their primary 

habitat (henceforth breeding habitat), layered mature spruce dominated mixed 

forests (Fig. 2b) (Koskimäki et al., 2014; Liukko et al., 2019). These forests provide 

key elements such as food, nesting places and shelter. The population of flying 

squirrels in Finland has declined from 1950 ̶ 1982 according to Hokkanen et al., 

(1982) and the species has been Red Listed (in need of monitoring) 1985 and 1991 

(Rassi et al., 1986,1992). The flying squirrel was categorised vulnerable (VU) in 

2001 and 2010 (Rassi et al., 2001; 2010) but in 2016 the flying squirrel was labelled 
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Near threatened (NT). This happened because data from an unfinished national 

census was used for the estimation (Liukko et al., 2016). In 2019, the species was 

again considered vulnerable (VU), as the now completed national census of survey 

plots showed that flying squirrel occupancy between 2007/2008 and 2016/2017 had 

diminished by 36.9%. The flying squirrel is globally classified as Least Concern 

according to the IUCN Species Red List (Liukko et al., 2019). In the “State of 

Nature in the EU”, the status of the population of flying squirrels in Finland for the 

period 2014 ̶ 2018 was, because of the continuing decline, still reported as 

“Unfavourable-Inadequate” (Anon., 2019).  

Conservation measures were initially hampered by insufficient ecological 

knowledge on the flying squirrel. The work to fill this information gap started in 

the end of the 1990s and produced a plethora of new and important knowledge. 

Reunanen et al. (2004) concluded from studies in Northern Finland that of the total 

land area there should be 12 ̶ 16% spruce dominated forest habitat (breeding habitat) 

to enable occurrence of flying squirrels. Additionally, the probability of occupancy 

dropped <0.5 if the amount of unsuitable open areas exceeded 60% of the area. 

Remm et al. (2017) concluded that the optimal distribution for breeding habitat in 

Southern Finland was 10% within a 4 km buffer. 

Analysis of radio locations vs. home ranges, using pooled data for females 

clearly indicates dependence of forests (Selonen et al., 2001). Their study resulted 

in a ranking order of deciduous>spruce>young>clear cut with trees>sapling>clear 

cut (other elements were not included). Breeding females use only mature spruce 

dominated or mixed deciduous-spruce forests (Selonen et al., 2001). The flying 

squirrel views its landscape as fine grained, and males show an expansion response 

to patch size reduction and occasionally also females (Selonen et al., 2001). Site 

fidelity is strong among adults, with males’ home range being about 60 ha while 

that of females about 8 ha and not overlapping with other female home ranges 

(Hanski et al., 2000; Lukkarila, 2002; Mäkeläinen et al., 2016). Breeding dispersal 

is very rare (Selonen and Wistbacka, 2017). According to Desrochers et al. (2003) 

flying squirrels in breeding habitat occurred closer to high-contrast (fields, clear 

cuts) and low-contrast edges (movement habitat) regarding the habitat pattern in 

their home ranges. The flying squirrels responded more positively to field edges 

than recent clear-cut edges. This was thought to occur because of the bigger 

occurrence of deciduous trees near fields. Production of catkins is often best in 

birches at forest edges (Tatu Hokkanen pers.com.).  

Knowledge on how breeding habitat availability determines abundance and 

demography remained insufficient, despite radio collar studies made by Hanski et 
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al. (2001) suggesting a safe level of 4 ha for a breeding habitat patch. A study in 

northern Finland by Hurme et al. (2008) showed that small breeding habitat patches 

(9.7 ̶ 16.2 ha; mean size 12.9 ha,) were continuously unoccupied, intermediate 

patches (14.8 ̶ 26 ha; mean size 20.4 ha, n=32) had a variable occupancy and only 

large patches (60.6 ̶ 264.5 ha; mean size 162.5 ha) were continuously occupied. 

Patches smaller than 3.5 ha were excluded from the study. The findings are however 

impossible to transfer to circumstances in southern Finland as a breeding habitat 

patch sized 12.9 ha would represent a large patch and could regularly harbour 

several females (III, IV). Jokinen et al. (2015) studied the effect of the area of 

breeding habitat left around known breeding sites (cavities) after authority 

delineation decisions. They suggested that as rule of the thumb a site can be 

occupied for several years if the percentage of suitable forest within a 150 m radius 

is maintained over 50% i.e., the area is larger than 3.53 ha. Occupancy was however 

based on pellet findings and pellets could have been deposed by both males and 

females. Therefore, the impact of authority delineations on breeding females 

remained unsolved. 

Analysis regarding annual survival versus breeding habitat supply in Luoto and 

Mustasaari 1993 ̶ 2004 was first presented in (I) and later also by Koskimäki et. al 

(2014) based on a study in Alavus. Later analysis by Brommer et al. (2017) 

concluded that immigration is the main demographic factor securing local 

population survival. Interestingly, Hoset et al. (2017) concluded that once mean 

habitat patch size is around 4 ha, pulsed food resources determined lifetime 

reproduction success (LRS). 

None of the hitherto published studies have been conducted in large pristine 

natural forests and therefore comparison to a flying squirrel population living in 

natural circumstances is difficult. Primarily this is the case because large natural 

forests are very rare in Ostrobothnia and other parts of Southern Finland. Secondly 

catching all existing flying squirrels in a natural forest, with plenty of natural 

cavities, is extremely challenging as numbers of suitable nest cavities in such 

habitats can reach 24 cavities/ha. In natural forests in Sweden and Estonia the 

density of cavities was on average 10.3 cavities/ha, (n=5) (Sandström, 1992, Remm 

et al., 2006). In managed forest in Sweden, the density was 3 cavities/ha, (n=3) 

(Sandström, 1992, Remm et al., 2006). In Iitti Finland, the number of natural 

cavities was only 0.04/ha (Selonen et al., 2001) and in Byrkö-Eugmo-Mustasaari-

Vaasa 0.1/ha (Selonen and Wistbacka, 2017, Brommer et al., 2017). Clearly, 

availability of cavities limits flying squirrel populations in managed forests 

(Selonen et al., 2001). Scarcity of nest cavities is a result of a long-term active 
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persecution of the most important cavity tree i.e., aspen. Therefore, nest boxes have 

been proven to be a useful tool for studying the flying squirrel. Nest box densities 

of study populations in managed forests are commonly around 0.6 ̶ 1 boxes/ha of 

breeding habitat (I, III, IV, Selonen and Wistbacka, 2017; Koskimäki et al., 2014). 

Densities of nest-boxes are thus higher than densities of natural cavities in managed 

forests but lower than in natural forests. 

In addition to an anthropogenic scarcity of nest cavities, all forest areas where 

demography has been studied were heavily affected by fragmentation (I, III, IV, 

Brommer et al., 2017). In southern Finland, the amount of suitable habitat in the 

landscape of Anjalankoski and Iitti was 21 ̶ 23%. Due to low quality (small size 

and lack of nesting cavities) the amount was in practice < 20% (Selonen et al., 

2001). In Alavus, only 7.5% of the 4500-ha large study area consisted of breeding 

habitat (Koskimäki et al., 2014). According to Hanski (2006), the overall density 

in the coastal region of Ostrobothnia was 0.032 females/ha of forestland. The 

density of flying squirrels in the study areas of Eugmo and Öja is lower and 

estimated to be only 0.01 – 0.02 females/ha (Wistbacka et al., 2009; 2010). 

Natal dispersal is female biased. Around 5% of females and 37.8% of males 

remain philopatric (Hanski and Selonen, 2009). During the period before dispersal, 

juveniles are semi-independent and exploratory trips from site of birth have been 

reported to result in accidental deaths of 19% of pups (n=106) (Hanski and Selonen, 

2009). Dispersal takes place in August and September. Juveniles were able to cross 

plantations and a few hundred meters wide open areas - if trees were present. 

Openings that could be surpassed with one glide (30 ̶ 70m) were no obstacles 

(Selonen and Hanski, 2004). The dispersal lasts for 1 ̶ 13 nights with a maximum 

of 21 nights. The median for dispersal is 1 night and mortality during dispersal was 

low (3.4%, n=86) (Hanski and Selonen, 2009). Overall landscape structures 

(location of large spruce patches with high permeability, and large open areas with 

low permeability) were observed to bias dispersal, which can have general 

consequences for abundance throughout the range of the species. Selonen et al. 

(2001) concluded that the amount of breeding habitat rather than landscape 

connectivity was the main factor securing flying squirrel populations.  

1.4 Legislative tools for preserving the flying squirrel 

The existence of Siberian flying squirrel is apparently a good measure of 

stakeholders’ efficiency and commitment regarding conservation of a forest living 

species. It was considered endangered (VU), but it was still quite numerous when 
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Finland joined the European Union in 1.1.1995 (Rassi et al., 1992). At that time, 

the flying squirrel was listed in Annex IV of the Habitats Directive (92743/EC), 

which implies that its habitat should be protected by law within its range of 

occurrence in the European Union (EU). The species requires a network of well-

connected breeding sites to sustain in present day fragmented forests. In Finland, it 

is considered a flagship species for conservation, as an effective and spacious 

conservation effort regarding the Siberian flying squirrel might also help other Red 

Listed forest living species and could therefore be a pathway to an ecologically 

sustainable symbiosis of conservation and forestry (Reunanen et. al, 2000; Hurme 

et al., 2008; Selonen and Mäkeläinen, 2017).  

In Finland, the flying squirrel was protected according to the National 

Conservation Act (NCA § 49). Flying squirrel breeding sites and resting places 

were legally protected from destruction and deterioration on the 1.1.1997. The 

NCA § 49 however contained a loophole, as it stated that breeding sites and resting 

places should be “clearly observable in nature”. This definition violates the 

Habitats Directive and would have neutralized the conservation potential of NCA 

§ 49. Following a complaint to the EU-Commission, by the Finnish Association for 

Nature Conservation, the NCA § 49 was rectified in 2003 (Anon., 2003).  

The obligations of NCA §49 were thereafter defined by specific guidelines for 

forest use (Anon., 2004). This guidance document was derived without using 

recently reported scientific knowledge. The guidelines stated that when clear-

cutting the forest preserving a minimum of 0.03–0.07 ha of breeding habitat for the 

flying squirrel ensured that destruction or deterioration of the breeding site was 

avoided. Preserving of breeding habitat was done through an official delineation 

decision. The guidelines also specify that retained forest patches should be left in 

connection with the larger forest, by means of retaining a corridor of trees spaced 

at a distance to each other not longer than their height.  

The proposed area, 0.03 ̶ 0.07 ha, is ca. 0.9% of a mean female home range, 

which, when measured as a maximal convex polygon (MCP 100%), is 8.3 ha 

(Hanski et al., 2000) and ca. 1.7% of the recommendation for a minimum breeding 

site area of 4 ha (Hanski et al., 2001). The only potential scientifically relevant term 

that could have been used, is the concept of “core area”, reported by Hanski et al. 

(2000). The mean total area of these parts of a home range was calculated to be 

0.88 ha. Core areas were however never mentioned in the guidance document and 

secondly, they are not necessarily situated in connection to nest sites, but rather to 

feeding resources on deciduous trees (Hanski et al., 2000). Thus, delineations 

according to the guidance document (Anon., 2004) resulted in too small areas (Fig. 
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3, 4, 5). This process of delineation and its guidance needs to be evaluated in terms 

of flying squirrel habitat selection and the impacts of habitat characteristics, e.g., 

habitat patch size, on flying squirrels’ demography. 

 
                                                                                                                                                                                                           

Fig. 3. Breeding and resting site delineated according to guidance document (Anon., 

2004) consisting of one cavity tree (aspen) and 21 other trees. Area about 0.03 ̶ 0.07 ha 

(Anon., 2007b). © Ralf Wistbacka 



32 

Fig. 4. Breeding and resting site delineated around nest box. Area about 0.2 ha. 

Connected to other forest by a string of trees (Anon., 2007c). © Ralf Wistbacka 

 

Fig. 5. Breeding and resting site delineated around natural cavity (aspen). Area about 

0.2 ha. Connected to other forest by a string of trees (Anon., 2008). © Ralf Wistbacka 
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1.5 The aim of the study 

In this thesis, I will study how populations of the endangered flying squirrel react 

to habitat destruction caused by forestry. My aim is to enhance knowledge of how 

forestry impacts flying squirrel occurrence, abundance, habitat selection and 

demography. A vital part of the study is evaluating conservation efforts and to 

produce data that can be used to enhance the protection of the flying squirrel in an 

attempt to bridge the science-policy gap. I will use long-term monitoring and 

capture-recapture data collected from nest-box populations of the flying squirrel in 

Western Finland primarily situated in Luoto and Mustasaari.  

In sub work I, I use long-term (1992 ̶ 2004) capture-recapture data collected 

from three populations, Byrkö and Eugmo in Luoto and one in Mustasaari, to 

estimate basic demographic parameters. Survival estimates are particularly 

important for understanding and sustaining endangered species. In order to further 

enhance ecological knowledge on the species, I examine population growth rates 

and local recruitment using capture-recapture models. I also study source-sink 

patterns and synchrony in variation of survival and population size.  

In sub work II, I evaluate the efficiency of legislative protection of flying 

squirrel in Western Finland i.e., the regions of Ostrobothnia and Southern 

Ostrobothnia. From studying the guidance document (Anon., 2004), I hypothesise 

that its efficiency in preserving breeding sites and nesting places for the flying 

squirrel, might be diminutive. To test this hypothesis, I use long-term monitoring 

data to compare occupancy of flying squirrels between 35 sites subjected to 

delineation decisions and a total of 50 control sites.  

In sub work III, I present new valid knowledge on breeding habitat 

requirements for breeding females to enhance guidance on conservation practises. 

I use data from a long-term study in Luoto-Öja using a unique nest box-study 

design, composed of 81 box sites in forest patches along a gradient of different size 

and fragmentation. The female breeding habitat requirements are compared with 

recommendations in the initial guidance document, the proposal for its revision and 

the current regulations (Anon., 2004; Anon., 2015; Anon., 2016).  

In sub work IV, I present results from a long-term study (1993 ̶ 2018) using 82 

box sites, in 50 patches of breeding habitat. Throughout the study, the amount of 

breeding habitat diminished, and patch sizes declined. I hypothesise that habitat 

destruction will lead to a lower abundance of females and that survival and 

reproduction will be lower as patch resources get smaller. In addition to breeding 

habitat patch and nest site resources, I also analysed the possible effects of predators, 
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weather, and food resources. The study was performed in the Eugmo-Byrkö study 

area and is an extension of (I) combining both study areas and focusing on female 

flying squirrels. 
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2 Methods  

2.1 The study areas  

2.1.1 Luoto  

The study area in Luoto (I; Fig.6a) is in total 48 square kilometers (4,800 ha) with 

ca 38 square kilometers (3,800 ha) of forest. The study area was divided into a small 

well-studied core area (Byrkö; 400 ha) and a larger less well monitored satellite 

area (Eugmo; 4,400 ha). The areas are connected in the northern parts of Byrkö 

area, and the animals can move between the areas. In 1994, 800 ha were considered 

suitable breeding habitat for the flying squirrel in the Byrkö-Eugmo study area. The 

subareas were combined into one during study (IV). The main habitats are shoreline 

spruce dominated mixed forest and arable land surrounded by woods. The rest of 

the area consists of villages, industrial areas, and small lakes. Summer cottages are 

quite numerous. Nowadays spruce dominated woods are rapidly being substituted 

by cultivated plantations of pine (Pinus sylvestris). Shoreline forests offer good 

breeding habitats and excellent migration paths during dispersal. Forests are 

privately owned and predominantly in commercial use. The study area of Luoto 

and Öja (IV) in (Fig. 6a) is about 7,000 ha (70 km²). It is in fact an enlargement of 

the Luoto study area (I) into similar landscapes in Öja in the municipality of 

Kokkola. 

2.1.2 Mustasaari  

The study area in Mustasaari municipality (I) is situated in western Finland (Fig. 

6a), south of the city of Vaasa. The total study area is 375 ha (about 1.5 x 2.5 km) 

of which roughly 110 hectares are covered by forest. The forest areas consist of two 

larger and three small patches separated by open fields and bordering on more 

continuous forests in the east. In 1992, 56.8 ha of the forests were classified as 

breeding habitat. The rest consisted of clear-cuts and thinned forests. Forests 

planted since around 1970 are generally pine plantations. Forests are privately 

owned, and all were in commercial use.  
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Fig. 6. a) Location of study areas in Finland. Study I was carried out in municipalities of 

Mustasaari and Luoto. Study II was carried out in the light green area (Western Finland). 

Study III was carried out in municipalities Luoto and the Öja part of Kokkola and study 

IV in the municipality of Luoto. b) Example of high-quality breeding habitat, with layered 

spruce dominated mixed forest and big deciduous trees. © Juha Ilkka 

2.1.3 Western Finland  

The study area (II) is in western Finland (Fig. 6a) in the regions of Ostrobothnia 

and Southern Ostrobothnia. The area with an overall size of 21,932 km2 (2193200 

ha) lies within the southern boreal zone along the west coast and the middle boreal 

zone covering the more inland areas. Forestry land covers 72 to 77% of total land 

area, and most of it (82 to 88%) is privately owned (Finnish Forest Research 

Institute, 2011). Forest management practices in the area, as in most of Finland, are 

very intensive and involve a cycle that usually lasts 60 to 100 years. Through one 

full cycle, an initial forest regeneration phase, often involving the planting of pine 

saplings, is commonly followed by two or three thinning stages before the final 

clear-cutting, when all trees are harvested. Thus, clear-cutting often targets the 

oldest forest patches in the landscape and implies more dramatic habitat alteration 

compared to thinning. Final clear-cutting in this landscape affects few thousands of 

hectares of forestry land every year. Forests planted since around 1970 are generally 

pine plantations. Other forest management practices, alternatives to clear-cutting, 

such as continuous silva culture are rare in this region and in the rest of Finland 

(Finnish Forest Research Institute, 2011). Only about 2.8% of the forests in the 

regions were strictly protected (National Resources Institute Finland, 2011).  
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2.2 Data collection  

2.2.1 Nest box monitoring (I-IV)  

In all study areas, natural cavities were very rare i.e., 0.1 cavity/spruce ha (Selonen 

and Wistbacka, 2017) and nest boxes became a substitute for natural cavities and 

the main foundation for the studies. Pilot studies in forthcoming study areas 

indicated a ready use of boxes by breeding females and thus a possibility for 

acquiring sufficient recapture rates.  

I placed boxes in spruce trees at 3 ̶ 4 m height (Fig. 7b). I used a variety of 

boxes made from boards or drilled tree trunks, but the common denominator was 

that the entrance tunnel was 5 ̶ 8 cm long (Fig. 7a). I placed boxes in groups of 1 ̶ 

5 in 70 sites in breeding habitat patches. Primarily they were used for studies on 

demography (I). Sixty-nine box sites also played a vital part in collecting data on 

occupancy of a breeding site and resting place prior and after delineation decisions 

2000 ̶ 2011. Occupancy was defined using five discrete classes: Adult female, adult 

male, unsexed adult, flying squirrel nest, or empty (II). For sub work III, I used 81 

box sites forming a continuum between 0.03 and 22.7 ha and monitored whether a 

site was occupied by a breeding female (i.e., a female with pups was found within 

any of the boxes in the site) or empty (i.e., no signs of flying squirrels found in any 

of the boxes in the site). A total of 416 observations (i.e., site occupancy per year) 

from 81 study sites were available (average of 5 observations per site), with an 

overall average of 40% occupancy by breeding females. These data span a 12-year 

period from 2005 to 2016.  

In sub work IV, I used 82 box sites for gaining data on female occurrence, 

survival, and reproduction (309 spring litters and 48 summer litters), in response to 

the amount of surrounding suitable breeding habitat. A total of 300 marked females 

were followed during 1993 ̶ 2018.  
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Fig. 7. a) measures for used nest box model, b) nest box in spruce. © Anton Lipasti 

2.2.2 Collecting capture-recapture data (I, III and IV)  

Ear tagging was adopted as the main method for individually marking adults and 

pups following Mäkelä (1996 a, b, c). I used gilded Hauptner 73850 ear tags 

throughout the study. I caught animals in nest boxes and performed ear tagging in 

June (adults and first litter pups) and August (adults and second litter pups) each 

year. At the same time, I recaptured previously ear tagged animals. For the study in 

Mustasaari and Luoto 1993 ̶ 2004 (I), I marked 55 males, 51 females and 120 

female and 118 male pups in Byrkö, 75 females and 102 males in Eugmo, and 59 

males, 58 females and 123 female and 125 male pups in Mustasaari. For the study 

in Luoto in 1993 ̶ 2018 (IV) I marked 300 females. Tagging of juveniles could not 

always be done during the first visit and this led to extra work and a few litters 

being lost. Tagging of too young pups was probably a cause for tags falling off. If 

I encountered an adult with a loose tag, I would renew it. The loss of ear tags was 

estimated to be about 2% during the whole study (I). Permission for handling and 

tagging the animals were acquired from the regional environmental authorities, 

currently the Center for Economic Development, Transport, and the Environment 

(hereafter ELY-Center).   
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2.2.3 Pellet search (I-IV)  

Pellets are regarded as the most certain sign of the occurrence of flying squirrels 

(Mäkelä, 1996c, Reunanen et al., 2004, Hurme et al., 2008). When checking for 

whether flying squirrels occurred or were absent, searching was stopped after the 

finding of the first pellet (II-III). A patch was however deemed empty only after 

the whole patch had been searched, focusing on the area within 100 m of the nest 

site. During the inventories of all breeding habitat patches in Eugmo (I, IV) I 

searched throughout the whole patch regardless of whether I found pellets already 

in the beginning. Pellet observations were divided into 4 categories: Index 1=1 ̶ 10 

pellets, Index 2=11 ̶ 100 pellets. Index 3=101 ̶ 500 pellets and index 4= >500 pellets. 

As a proxy for occurrence of a female I used 5-10 pellet findings within a 100 m 

radius of which at least two were indexed 3 or 4. I monitored the entire Eugmo-

Byrkö four times (1994, 2002, 2009 and 2016) to check that occupancy on the 

forest level correlated with nest box occupation (IV). All known breeding sites and 

resting places in Luoto were reported to the national database Hertta.fi (currently 

Laji.fi) in 2006 ̶ 2010. 

2.2.4 Spatial data extraction (I-IV)  

GIS was primarily used as a means for mapping breeding habitat. I classified the 

study areas of Mustasaari in 1992 and Eugmo-Byrkö in 1993 ̶ 1994 into three 

categories: 1) habitat suitable for breeding females, i.e., breeding habitat, 2) habitat 

where flying squirrels can move or feed but not breed and 3) habitat that is 

unsuitable i.e., clear cuts, young sapling stands, fields and built-up areas. Breeding 

habitat was defined as layered spruce dominated mixed forests, containing trees of 

different size and age. In this habitat, trees have a mean diameter at breast height 

(DBH) > 16 cm, i.e., mature forests) and the proportion of deciduous trees is over 

5%. I took special care to also include nutrition-poor layered forests having just 

reached a DBH of 16 cm. At the start of the investigations, I did not have access to 

top of the line equipment for GIS work. The areas were mapped in the field and 

transferred into maps at a resolution of 100 ha (1:10.000) and all breeding habitat 

was subsequently transferred to a general map that covered the whole of Eugmo-

Byrkö and Mustasaari. Borders between habitats were defined by using maps in the 

field and later rechecked from aerial photographs. Areas were initially measured 

with a planimeter. Later maps were digitized into the program MapInfo and areas 

for inventories of the whole study area in Eugmo-Byrkö were digitized (I, IV).  
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For sub work II, I digitized maps of study sites, with buffers of breeding habitat 

within 100 and 200 m, prepared in ArcGIS and MapInfo. Circular buffers of radius 

100m and 200m were centered on the geographic mean derived from the location 

of the nest boxes or natural cavities. These radii include the core area used by 

breeding flying squirrel females. Mean distances, that females move from the nest, 

are between 111 m/night in March-December and a maximum of 153 m/night in 

August (Hanski et al., 2000). The amount of suitable areas available pre- and 

postharvest was thereafter calculated (II). Some clear-cutting, permitted according 

to delineation practices, of the of areas surrounding delineations had been done 

after the delineation decision and prior to my survey (II). However, if clear-cuts 

were done during my survey, monitoring of the site would be stopped. Thus, the 

remaining area, within 100 and 200 m buffers around a nest in a breeding site, 

consisted of the delineated areas and parcels that were not yet clear-cut. Control 

areas contained over 3 ha breeding habitat within 200m and were usually supplied 

with nest boxes. Control sites affected by clear cuts larger than 1 ha during the 

study period were left out. I monitored the sites between 2004 and 2011.   

In sub work III and IV, I analyzed the impact on female occupancy of 

surrounding breeding habitat patch size and buffers of breeding habitat within 100 

and 200 m. The amount of breeding habitat was monitored using maps in GIS, 

updated on a yearly level (III, IV). 

I also calculated the percentage of the perimeter of breeding habitat patches 

bordered by semi-suitable habitat (III). This measure indicates how much the edge 

of the breeding habitat patch borders with semi-suitable forests, as compared to 

mainly open habitats, such as fields and clear-cuts. I did this to test whether 

additional visual cover (labelled embedding), provided by the semi-suitable habitat 

bordering the focal patch, could enhance the use of the breeding habitat patch by 

means of improved cover against predators.  

2.2.5 Radio telemetry (IV) 

I used radio telemetry to gather information on home ranges, nest site use and 

predation. I conducted radio telemetry from November 1998 to April 2000 in Byrkö 

and Northwest and Northeast Eugmo. Altogether, I fitted 20 flying squirrels (9 

females and 11 males) with Biotrack TW-4 ag 357 radio transmitters (Lukkarila, 

2002). I followed the animals for two winters and observed locations provided 

additional data on nest site use and timing of predation incidents - and whether the 

predator was a mustelid or a big owl. 
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2.3 Data analysis  

2.3.1 Capture-recapture methods to estimate survival  

Male and female survival using capture-recapture analysis  

In sub-work I, I analyzed capture-recapture data from Mustasaari, and two 

subpopulations from Luoto, Byrkö and Eugmo, separately. I analysed these three 

datasets using capture–mark–recapture methodology for open populations 

(Lebreton et al., 1992). I assessed goodness of fit with the parametric bootstrap 

approach in the program MARK 5.1 (White & Burnham, 1999) for the most 

parameterized model in the a priori chosen set of candidate models (the global 

model) and corrected for overdispersion (Lebreton et al., 1992). In all cases, the 

estimated values were satisfactory, indicating that the global model structurally 

fitted the data (P = 0.17 – 0.51; ĉ = 1.00 – 1.36). Model selection was based on 

Akaike’s Information Criterion corrected for small samples and overdispersion 

(QAICc) and evidence ratios calculated with Akaike weights (w; the relative 

likelihood of model i versus j, which is identical to wi/wj; Burnham and Anderson, 

2002).  

I analyzed apparent adult survival with the Cormack-Jolly-Seber model (CJS-

model) in the program MARK (White and Burnham, 1999). Adult survival refers 

to individuals that were at least 1 year old, survived through the winter, and stayed 

in the study area (see Table I in sub work I). The global model for estimating adult 

survival included additive effects of time and sex on survival and recapture 

probability (Φ(t+s) p(t+s), where Φ =apparent survival probability, p = recapture 

probability, s = sex, t = time and + additive effect). I expected the recapture 

probability to depend on sex because breeding females seem to be more dependent 

on nest boxes than males, who spend a lot of time in the twig dreys of the red 

squirrel (e.g., Lukkarila 2002) and therefore females are more likely to be 

recaptured than males (see Fig. 2). The sparse data would not support a high level 

of model complexity, and therefore I did not include interaction terms that would 

add several extra parameters to the model (Burnham and Anderson, 2002). I 

simplified the global model by eliminating parameters one at the time, starting from 

the recapture parameter P. I expected a decline in survival (or increased permanent 

emigration) due to increased clear-cutting in the study areas. Therefore, I also fitted 

models with a linear trend in survival probabilities (λ trend, where year is indexed 
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as a continuous covariate). In other models, adult survival was constrained to be a 

function of the total amount of breeding habitat (hectares) in the study area (λ 

habitat). For Mustasaari and Byrkö, annual habitat estimates were available, but for 

Eugmo the data were only available from 1993, 2002, and 2004.  

Female survival using capture-recapture analysis  

In sub-work IV, I treated Byrkö and Eugmo as one population and included only 

females. I analysed the data with the program MARK using the CJS-model (White 

and Burnham, 1999). The starting model was fully time dependent, i.e., Φ(t) p(t). I 

assessed goodness of fit using the program U-CARE (Choquet et al., 2009). This 

model fit the data well (overall test: χ2 = 25.15, df = 37, p = 0.93). I estimated 

overdispersion using the parametric bootstrapping approach using 1000 

simulations. There was only little measurable overdispersion in the data (ĉ = 1.1).  

I fitted a priori models with structures that examined temporal variation in 

survival, the environmental factors affecting annual survival and the habitat 

characteristics (Patch size and S 100) of female territories. I first modelled 

recapture probabilities and used the best structure to model survival probabilities. 

I examined temporal variation by comparing models where survival was constant, 

time dependent (year effect) or a function of a linear or quadratic temporal trend in 

time (years). I explained annual temporal variation in survival with variables that 

described annual variation in predation risk i.e. (Afun) and (Squirrel). Predation 

pressure index, Afun = mean boreal owl brood size, indicates the general vole 

abundance during the winter preceding the breeding season of boreal owls 

(Korpimäki and Hakkarainen, 2012). Therefore, large boreal owl clutches should 

correlate positively with the general predation pressure (caused by all vole 

consuming predators) during the next autumn and winter seasons as a high spring 

vole abundance should be followed by higher density of predators and at the same 

time vole populations often crash (Korpimäki and Hakkarainen, 2012). Red squirrel 

trail index, (Squirrel), is a measure of occurrence of alternate prey for predators and 

might reduce predation on flying squirrels. Other variables were food abundance 

(birch catkins, Birch), alder pollen (Alder) and winter weather conditions (NAO, 

mean temperature December-February, Temp). I included interactions between 

predation, food abundance and winter weather. I included a maximum of three 

parameters explaining temporal variation in our models.  

I assessed the proportion of temporal variation explained by the covariate 

model by comparing the deviance as explained by the covariate model (Dev(cov)) 
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to the difference in deviance between the constant (Dev(c)) and the time dependent 

model (Dev(t)) (Grosbois et al., 2008).  

                          𝐷𝑒𝑣 𝑐   𝐷𝑒𝑣 𝑐𝑜𝑣       (1) 
                     𝐷𝑒𝑣 𝑐   𝐷𝑒𝑣 𝑡  

Local recruitment  

Local recruitment refers to individuals that were born in the study area, survived, 

and remained there through their first winter. Thus, this parameter is a function of 

first-year survival and site fidelity. To estimate local recruitment, I used data on 

new-born individuals marked in nest boxes (i.e., animals of known age). I did not 

start with the fully time-dependent model because the data were sparse. Instead, the 

global model included two age classes (first year and older animals), with sex and 

time effects on the first age class only Ф(a0 * t * s, a1+) P(s). (a0= juvenile; a1+ = 

adult, t = time, s = sex, * = interaction). Adult survival was modelled as constant, 

and the recapture probability was different for males and females 

2.3.2 Methods to estimate population growth rates  

In subwork I, I estimated the population growth rate (λ) using the reverse-time 

methodology of Pradel (1996). I pooled the data from both sexes to improve the 

precision of the estimates. The global model for estimating the population growth 

rate was the fully time dependent model. During the first years of the study, the 

flying squirrels may not yet have located the nest boxes in the area. It also takes 

time for the field workers to establish their routines. Therefore, for estimating the 

population growth rate, I excluded the first two years in each data set (see Hines & 

Nichols, 2002; Rotella & Hines, 2005 and Williams, Nichols & Conroy, 2002 for 

discussion of the model assumptions). Based on our field observations, I believe 

that approximately 2% of the marked flying squirrels lost their ear tag, which 

should not have severely affected estimates of survival or growth rate as the 

recapture probabilities were satisfactory (Rotella & Hines, 2005). The 

overdispersion (ĉ) estimates for the fully time-dependent models were used for 

Pradel’s models as well. 

In sub work IV, I used the annual counts of breeding females to calculate the 

geometric mean population growth rate ((N(t+1)/N(t) = λ) and 95% confidence 
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intervals using linear regression by forcing the intercept through zero (Morris and 

Doak, 2002).  

Source-sink status of populations 

Since the Byrkö and Mustasaari populations seemed to be declining, I wanted to 

assess if these populations were actually sink populations. Runge et al., (2006) 

proposed a contribution metric (Cr) that “describes the proportional contribution a 

local population makes in one time step to the metapopulation. ”(Cr)“ integrates 

the processes of local recruitment, survival, site fidelity, and emigration, but 

assumes nothing about population equilibrium.” In many cases, the data does not 

allow for an estimation of emigration probabilities. One solution is to solve C for 

the unknown emigration probabilities and to present a range of values where the 

population would be classified either as a source or as a sink (Runge et al., 2006).  

𝐶𝑟  Ф𝑎1𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙  Ф𝑎1𝑒𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 
 ꞵ Ф𝑎0𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙  Ф𝑎0𝑒𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛  1      2  

I used this approach for Mustasaari, where emigration data were not available. For 

Byrkö, I estimated emigration parameters using the observed emigrants from the 

Byrkö area found in the adjacent Eugmo area. For solving emigration probabilities, 

I used the estimated mean adult survival and mean local recruitment for females 

for each population (see Runge et al., 2006 for more details). The birth rate (female 

offspring per adult female) was βM = 1.15 for Mustasaari and βB = 1.14 for Byrkö.  

2.3.3 Before and after control of occurrence in delineated breeding 

sites (II)  

Using data on occurrence (determined by pellet search), I examined the impact of 

guidelines for the preservation of the flying squirrel (II). I split available study sites 

into two groups (classified as a variable hereafter called forestry treatment): (1) 

Sites where clear-cutting was done according to guidelines (see above; hereafter 

cutting sites); (2) sites that were left essentially un-cut (hereafter control sites), had 

no or very small amount (usually less than one hectare, if any) of forest cut (within 

200 m) during the recent history and contained at least 3 ha of suitable forest within 

200 m (similar to the situation present at cutting sites before the cutting). Cutting 

sites were inspected at least one year before and one year after the cut. To obtain 

comparable before and after periods for control sites, I split (because they were not 
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affected by a large clear-cut) their history into two equal halves (thus each site had 

at least 2 years of inspection). I used the resulting data in a before–after-control-

impact (BACI) experimental design (Stewartoaten et al., 1986) where each site was 

classified into either cutting or control and contained data from two periods (before 

and after). I assessed the effect of clear-cutting (according to current guidelines) on 

flying squirrel at two different levels, forest occupancy (based on pellet detection; 

including sites with nest boxes as well as those with only natural cavities) and nest 

box occupancy (including only sites with at least one nest box; considering a box 

occupied if an adult female, male, unsexed adult, or flying squirrel nest was found).  

I assessed the effects of forest cutting according to guidelines on forest 

occupancy and nest box occupancy separately with two BACI models. For both 

analyses, I used generalized linear mixed models (PROC GLIMMIX in SAS) with 

a binomial response (occupied or not occupied; logit link function with the 

Kenward–Roger degrees of freedom method). In each model, the period (before vs. 

after) and forestry treatment (cutting vs. control site) were included as categorical 

variables, and the interaction between period and treatment was tested. The 

outcome of the interaction is of main interest, as it indicates whether occupancy 

changed from the period before to the period after in a different manner between 

cutting and control sites, thus providing evidence of the effect of forest cutting. 

Because the data consisted of several inspection years at each site, I used site 

identity as a random effect to control for pseudo-replication. Some sites had more 

than one nest box and/or natural cavity, and because this may affect the probability 

of site occupancy (e.g., by offering more options for breeding and resting), I 

included the total number of nest boxes and natural cavities as a single continuous 

covariate in both BACI models.   

Moreover, on 13 occasions, a large forest stand harbored more than one site 

(each used as an independent sample unit) usually located over 200 m from each 

other. This may entail an additional pseudo-replication problem. I could not fix this 

issue in the random part of the models because the number of these sites was too 

low compared to the remaining independent sites. I thus ran the analyses as 

explained above (with some marginal levels of possible pseudo-replication) and to 

confirm the robustness of the results, I also ran the same models on the dataset with 

independent sites only (by randomly selecting one site from each pseudo-replicated 

group).  I used SAS 9.2 (SAS Institute, Cary, NC, USA) for running the analyses.  
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2.3.4 Prediction of occurrence of a female with pups (III)  

I predicted the occurrence of a female with pups by running a generalized linear 

mixed models (GLMM; binomial distribution with logit link), always considering 

whether a site was occupied by a breeding female (i.e., a female with pups was 

found within any of the boxes in the site) or empty (i.e., no signs of flying squirrels 

found in any of the boxes in the site) in any given year as the binary response. Thus, 

the sample unit for the response variable was the occupancy per site and year.   

As potential predictors of occurrence by breeding females I considered the 

most biologically relevant factors known to affect the overall occurrence of the 

species in Finland (Santangeli et al., 2013b). Specifically, I considered the amount 

of breeding habitat, the amount of semi-suitable forest dominated by pine or 

deciduous trees and the amount of unsuitable habitat (see Table 1 in sub work III). 

All the above variables were considered within a radius of 100m and 200 m. I also 

included the distance to shorelines, embedding (i.e., visual cover provided by semi-

suitable stands bordering the focal patch), the size of the breeding habitat patch, 

and the number of boxes and natural cavities available in the study site into the 

model (Table 1 in sub work III).  

Prior to fitting the models, I ran variance inflation factor (VIF) analyses to 

quantify the level of collinearity between the potential predictors. I decided a priori 

to include predictors calculated within the 100m and 200m radius as separate 

models, because they are inherently correlated (i.e., one includes the other). 

Moreover, I also a priori excluded the amount of unsuitable habitat from the 

analyses as this is strongly correlated with amount of breeding habitat and also 

because it is not a variable of main interest. VIF analyses indicated that the size of 

a breeding habitat patch had a high VIF value (well over 3) and was highly 

correlated (r=0.8) with the amount of breeding habitat at the 100 and 200m radius. 

All other variables had a very low VIF value (≤2), suggesting a very minor 

correlation between them (Zuur et al., 2009). Based on the above collinearity issues, 

I decided to run three separate GLMMs. Each of the three models had the same 

structure, including the same response (see above), and a shared set of predictors, 

including distance to shoreline, embedding and number of boxes/cavities. However, 

in one of the three models (hereafter named the “100m model”), I also included the 

three habitat variables (the amount of breeding habitat, the amount of semi-suitable 

pine and the amount of deciduous forest) calculated within 100m radius. In a 

second model (hereafter “200m model”), I included the same three variables as 

above but calculated within the 200m scale. In a third model (hereafter “breeding 
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habitat patch size model”), I included patch size, in addition to the other three 

variables (the distance to the shoreline, embedding and the number of 

boxes/cavities; see Table 2 in sub work II for a list of predictors included in each 

of the three models). In the breeding habitat patch model only, I also included an 

interaction between patch size and embedding. The rationale for this was that the 

embedding would play a more important role when the size of a breeding habitat 

patch is small rather than large. The interaction was removed from the following 

model selection if it was not significant. Finally, as there were multiple 

observations per site, I included site identity as a random factor in each of the three 

models.  

Model selection was performed separately for each of the three models, using 

multi model inference starting from the full model (i.e., the model with all 

predictors) in each case and by running and comparing all model combinations 

(Burnham and Anderson, 2002). If model uncertainty was apparent, i.e., multiple 

models equally supported with ΔAIC < 4, I then proceeded with multi-model 

averaging (Burnham and Anderson, 2002) based on the set of best supported 

models with ΔAIC < 4. Availability of nest boxes or natural cavities was previously 

found to have a strong impact on site occupancy by flying squirrels (Santangeli et 

al., 2013a). Thus, I forced this variable in all models during the multi-model 

inference and averaging procedure. Spatial autocorrelation was assessed by visual 

investigation of spline correlograms on the residual values of the final models (Zuur 

et al., 2009). Spatial correlograms show the extent of the residual correlation by 

distance among observations by plotting the mean correlation coefficient and its 

confidence level. I did not detect any sign of residual spatial autocorrelation in any 

of the three models. All analyses were run in R version 3.0.3 (R Core Development 

Team, 2013) using the lme4 package for the GLMM and the MUMIN package for 

the multimodel inference and model averaging analyses.  

2.3.5 Effects of environmental covariates on trends in breeding 

female patch occupancy (IV)  

I aimed to first quantify whether changes in breeding habitat resulted in changes in 

patch occupancy by females across more than two decades. In doing so, I used a 

generalized linear mixed effects model (GLMM; family binomial, logit link) 

whereby patch occupancy (0/1) of a breeding female in a given site and year was 

the response variable. I explained variation with patch size, S100 and S200 (see 

above) and distance from the box-site to the shoreline as fixed effects. The box-site 
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(n = 46) and year (n = 24) were included as random variables. The explanatory 

variables were standardized (mean = 0, St.dev = 1) to enable correct interpretation 

of the main effects in case of significant interactions (Schielzeth, 2010). I tested 

whether the habitat effects on the probability of female occurrence changed over 

the years by adding year-trend:habitat-interactions in the candidate models. 

Possible multicollinearity problems were controlled for by removing variables that 

showed greater than 2-unit vif-values in the Variance Inflation Factor analyses 

(using VIF-function for the full model in r-package ‘stats’). The best model was 

selected by comparing the model AIC-values and in case of multiple equally 

probable best models (within 2 AIC units), I performed a model averaging analysis 

(with R-package MuMIn) to find out the most important factors and their parameter 

estimates.  

2.3.6 Effects of environmental covariates on litter size (IV)  

To assess the impact of breeding habitat and environmental variables on litter size, 

I used data on 357 litters (309 spring litters and 48 summer litters), where pups 

were around 1.5 months old. I used a generalized linear mixed model (GLMM) fit 

by maximum likelihood (Laplace Approximation) using the function “glmer.nb” 

(family negative binomial). Response variables were the number of pups, in spring 

and summer litters. Random variables were female ID and year. As for fixed 

explanatory variables, I tested breeding habitat patch resources (Patch) and nest site 

resources (S100, S200), distance to shoreline, females in same patch (indicating 

possible competition for resources), nutrition (Birch and Alder indexes), winter 

climate (NAO-index, Temp), predation pressure (Afun), vole collapse spring 

(binomial 0/1) and red squirrel trail-index (Squirrel), as biologically meaningful 

predictors. I used the Afun-index for the same spring (Afun-spring). A low Afun-

index indicates scarcity of voles and therefore higher predation risk for flying 

squirrels. Predation risk may also be high if the vole abundance collapses during 

the breeding period and predators rapidly turn to consuming alternative prey 

species. I considered this by using a binomial index (no vole collapse / vole collapse 

spring) as an explanatory variable. A high red squirrel index indicates the 

occurrence of alternative prey for predators and thus lower predation risk for flying 

squirrels. I was not able to record failed breeding attempts or verify that females, 

who were not caught did not produce litters. The number of these however seems 

to have been small i.e., 3.2% (n=500) (Hosset et al., 2017). 
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3 Results and discussion  

3.1 Trends in habitat availability and population size of the flying 

squirrel  

In 1994, the Byrkö-Eugmo study area in Luoto contained ca. 800 ha of flying 

squirrel breeding habitat. In just 25 years, 66.7% was lost to clear-cutting. The loss 

of breeding habitat in the box sites was of the same alarming magnitude and by 

2018 76.4% had been clear-cut (Fig.8a, b). Consequently, the mean size of breeding 

habitat patch in the box sites declined from 10.1 ± 8.86 ha (n=38) to 2.9±2.1 ha 

(n=32) and the median from 8 ha to 2.3 ha (Fig.8 d, IV). I was thus able to document 

how flying squirrel females responded to a long-term depletion of breeding habitat.  

 

Fig. 8. a) Total area of breeding habitat in Eugmo-Byrkö 1994 ̶ 2018. b) Total area of 

breeding habitat in box site fragments 1995 ̶ 2018 and number of females 1995 ̶ 2018 

(solid line). c) Mean breeding habitat patch size 1994 ̶ 2018 in Eugmo-Byrkö. d) Mean 

area of breeding habitat in box site patches 1995 ̶ 2018. (IV)  



50 

In the first half of the study period, the number of female flying squirrels 

plummeted with a geometrical mean growth rate of 0.933 (with 95% CI 0.768 – 

1.133) being consistent with the reduction in the amount of suitable habitat (Fig. 

8b). However, the population recovered during the latter half of the study period as 

the population increased (λ = 1.08, 95% CI 0.892 – 1.310). This can partly be 

explained by the fact that the population was constantly below carrying capacity 

(Hixon, 2008) measured as the number of box sites and thus were able to settle in 

the remaining optimal patches (IV). This will inevitably change in the future as 

habitat loss continues. Population dynamics of flying squirrels seems to be clearly 

affected by multiple environmental factors. Information about demography, habitat 

selection and impacts of changing annual environmental conditions and their links 

will help in understanding the impact of forestry 

3.2 Survival and population growth rate of the threatened Siberian 

flying squirrel (Pteromys volans) in a fragmented forest 

landscape (I)  

3.2.1 Variation in yearly survival rates  

The most parsimonious model suggested temporal variation in survival in 

Mustasaari. Survival rates varied considerably from 0.92 (±0.15 SE) during 1993 ̶ 

1994 to 0.11 (±0.06 SE) in 1995 ̶ 1996 when the population was almost annihilated 

(Figs. 9,10, I). During the winter of 1995 ̶ 1996, 23 out of the 27 animals from the 

summer of 1995 disappeared and were never caught again. Only four animals from 

1995 survived and no local recruitment or immigration was noted in the summer of 

1996. Given the high recapture probabilities, this variation in abundance likely 

presents a realistic picture of survival for 1995 ̶ 1996 and for other study years. 

Adult survival was according to the fourth best model (ΔQAICc =15.95) on average 

0.43 (±0.07 SE) and recapture probabilities were higher among females (0.95 ±0.05 

SE) than males (0.75 ±0.12 SE, I).  

In Byrkö, adult survival was constant 0.53 (±0.04 SE) according to the best 

model and recapture probability was 0.79 (±0.06 SE, I). According to the time-

dependent model (the third best model), the lowest survival estimate (0.17±0.10) 

was noted in 1996 ̶ 1997 and the highest (0.79±0.14) in 2001 ̶ 2002. Adult survival 

seemed to have decreased in Eugmo during the study according to the best model. 

The estimated survival probabilities were 0.62 (±0.07 SE) for 1994–95 and 0.34 
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(±0.07 SE) for 2003–2004. The model, which suggested constant survival was the 

third best with an AIC weight of 0.09. Mean survival 0.48 (± 0.04 SE) was lower 

than in Byrkö, but higher than in Mustasaari. The recapture probabilities in Eugmo 

were sex-dependent, females being much more likely to be recaptured (0.87 ±0.06 

SE) than males (0.43 ±0.09 SE). This was expected, because in Eugmo all 

territories were not intensively monitored. Males occasionally change to a different 

area or roost in red squirrel nests where they cannot be captured. The mean survival 

for combined Eugmo-Byrkö was 0.48 (SE 0.024) for the whole study period 1993 ̶ 

2018 (IV). The high recapture rates for females points out the usefulness of nest 

boxes for studies of demography but also the very high importance of nest boxes 

and natural cavities for conservation of the functionality of flying squirrel’s 

breeding sites.   

The mean survival estimates are in the middle of a spectrum between 0.36 to 

0.72 that has been reported for flying squirrels (Mäkeläinen et al., 2016, Brommer 

et al., 2017) and also regarding survival of 0.49 ̶ 0.59 for the northern flying squirrel 

(Lehmkuhl et al., 2006) (I, IV). The estimated mean survival rates imply that 

roughly half of the adults must be replaced each year to preserve a steady 

population size. The need for replacement varied between 8 and 89% of the summer 

population in Mustasaari and 21 to 83% in Byrkö. A comparison of the time 

dependent models for survival in Mustasaari and Byrkö (Fig. 9) reveals an 

asynchrony regarding survival derived from time dependent models (y = 

0.323x+0.432, df = 9, R² = 0.223, p = 0.167).  

Asynchrony was evident when comparing trends in Mustasaari and Byrkö for 

number of adults 1993 ̶ 2004 with linear regression, for males and females 

combined (y = 0.178x+13.55, df = 11, R² = 0.132, p = 0.244) or females (y = 

0.085x+7.161, df = 11, R² = 0.027, p = 0.296). The same was true also when 

comparing Eugmo and Mustasaari 1994 ̶ 2004, but also when comparing Byrkö and 

Eugmo 1994 ̶ 2004 (Fig. 10). Asynchrony regarding demographic parameters 

(survival, population growth rates etc.) was also evident in a later study, comparing 

a population in Mustasaari-Vaasa with Byrkö-Eugmo, between 2002 and 2014 

(Brommer et al. 2017) and in a larger survey (Selonen et al., 2019).   
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Fig. 9. Adult survival in the Mustasaari study area 1992 ̶ 2004 (open circles) and in the 

Byrkö study area 1993 ̶ 2004. Mean ± SE from time dependent models. Due to low 

numbers of adults in 1996 in Mustasaari, no estimates for survival 1996 ̶ 1997 are 

presented. (Redrawn from Lampila et al., 2009. Ecoscience 16:66–74.)   

 

Fig. 10. Adults in the Mustasaari, Byrkö and Eugmo study areas 1993 ̶ 2004. Black = 

females, white= males. (Redrawn from Lampila et al., 2009. Ecoscience 16:66–74.) 
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3.2.2 Local recruitment  

In Mustasaari, the average local recruitment rate was 0.30 (± 0.06 SE) for males 

(recapture probability 0.74 ±0.08) and 0.23 (± 0.05) for females (recapture 

probability 0.96±0.12) (I). In Byrkö, the estimated local recruitment was 0.27 

(±0.04) and recapture probability, independent of sex, was 0.73 (± 0.08) (I). Local 

recruitment showed no temporal trends. Local recruitment and its impact on the 

focal population is a function of the dispersal behaviour of flying squirrels and the 

size of the study area. Around 5% of females and 37.8% of males remain philopatric 

(Hanski and Selonen, 2009). Juveniles can be divided into three categories judged 

from dispersal behaviour: Philopatry (<400m), short distance dispersal (400 ̶ 

2500m) or long-distance dispersal (2,5 ̶ 10 km) (Selonen and Hanski, 2004, 2010). 

The average detected natal dispersal distances are 1.7 km and 2.5 km for males and 

females, respectively. For both sexes, the maximal observed dispersal is ca. 9 km 

(Hanski and Selonen, 2009).  

 

Fig. 11. Study areas a) Byrkö and b) Mustasaari (M-saari) with 1.7km (mean dispersal 

for males), 2.5km (mean dispersal for females and maximum length for short term 

dispersers) and 10 km radius (maximal estimated dispersal for both sexes); light green 

= forest where flying squirrel occurred and dispersal to and from study areas possible 

1992 ̶ 2004. --- = border between the Eugmo study area and Öja. Grey = built-up areas. 

© MML, retrieved from data base 12.2.2022        

Both Mustasaari and Byrkö study areas were sufficiently large for recruitment of 

short distance dispersers (Fig. 11 a, b). Local recruitment influences population 

growth and includes philopatric individuals and short distance dispersers. In the 

studied areas, emigrants would most likely be long-distance dispersers and 

potential dispersal paths could be almost 10 km in any direction (Fig. 11 a, b).  
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3.2.3 Population growth rates and source-sink status  

All study populations showed evidence of decline based on their population growth 

rates. The mean λ in the Mustasaari population was 0.96 (SE ± 0.12) over the period 

1994 – 2004 indicating population decline (I). In Byrkö, the mean λ from 1995 to 

2004 was 0.96 (± 0.03, 95% CI: 0.82 ̶ 0.99), also indicating population decline (I). 

The Eugmo population included the highest number of individuals and the 

estimates of population growth for this population were more precise than for 

Mustasaari or Byrkö. The most parsimonious model of population growth in 

Eugmo included a positive effect of the area of breeding habitat (β= 0.001, 95% 

95% CI: 0.0003 ̶ 0.0030) (I). According to this model, the estimated growth rate 

was high at the beginning (1.08 ± 0.06), declining to as low as 0.78 (± 0.08), 

because of logging of breeding habitat. Breeding habitat was measured as total area 

and not as a site-specific area (I). A negative correlation between total habitat area 

and abundance was noted in Byrkö-Eugmo 1995 ̶ 2007 but not in 2008 ̶ 2018 (IV).   

Variation in survival, local recruitment, and the numbers of arriving dispersing 

juveniles, often causes irregularity in small population abundance. This can cause 

difficulty in estimation of reliable growth factors for short study periods. It also 

highlights the importance of conservation measures securing functioning dispersal 

routes on a local and regional scale (Fig. 9, 10 and 11). On the other hand, if size 

variation of local populations is not synchronized, local populations can more 

efficiently sustain each other compared to a situation where all connected 

populations simultaneously reach a minimum (Runge et al., 2006). Analysis based 

on short term population growth rates can also produce erroneous postulations. All 

studied populations were still thriving in 2018 (I, IV and Wistbacka, unpublished). 

Low survival and low emigration probabilities suggested that the Mustasaari 

and Byrkö populations were likely to be sinks but that they could be sources in 

some years. According to dispersal data during1993 ̶ 2004, only 4 animals 

dispersed from Byrkö to Eugmo, and no earmarked juveniles immigrated to Byrkö. 

It must be noted that new unmarked individuals (=immigrants) were found yearly 

in both Byrkö and Mustasaari. Genetic evidence subsequently indicated diminished 

dispersal between Byrkö and Eugmo (Lampila et al., 2009b) but other dispersal 

routes are possible (see Fig. 11a). In Mustasaari, we were not able to monitor 

neighboring areas thoroughly during 1992 ̶ 2004. Determining emigration by 

catching ear marked animals is an arduous task given the area where flying squirrels 

occurred. Within a radius of 10 km, this area was roughly 250 ̶ 280 km² in the 
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Mustasaari -Vaasa region and around 150 km² in Luoto-Öja-Kruunupyy (Fig. 11a, 

b).   

Dispersal of adult flying squirrels is extremely rare (Selonen and Wistbacka, 

2017) suggesting that permanent emigration of adults does not affect these 

populations. Thus, solving equation (2) in chapter 2.3.1 for Mustasaari (using mean 

survival = 0.43, local recruitment rate for juvenile females = 0.23 and birth rate (ꞵ) 

= 1.15 for juvenile females) implies that a recruitment rate of >0.27 for emigrating 

females results in an Cr over 1. For Byrkö, the corresponding recruitment rate is 

0.14 when using the mean survival of 0.53 and a local recruitment rate of 0.27 and 

ꞵ = 1.14. Given that survival during actual dispersal is very close to 1.0 (Hanski 

and Selonen, 2009) the required recruitment rates seem plausible and Cr would be 

over 1 when adult female survival exceeds the mean i.e., at least each other year. 

Also, ꞵ can be as high as 1.88 when females produce two litters per year.   

Given that also immigration compensates for losses, each year both Byrkö and 

Mustasaari harbor females (Fig. 10.) that produce emigrants for other parts of the 

metapopulation, they are not operating on a source-sink axis, but rather as a patchy 

population i.e., high dispersal between metapopulations and no extinctions 

(Driscoll, 2007). Disturbances lessen the contribution of metapopulations in some 

years; notably during the near extinction and subsequent recovery of Mustasaari 

1996 – 1997 (Fig. 10). Still the difficulty of geographically defining a focal 

population remains, as the flying squirrel appears to exist in a large network of 

occupied sites with varying density. This makes it difficult to pinpoint effective 

protection measures to a certain part of the population.  Preserving a well-connected 

network, through land use planning on a landscape scale, consisting of as many 

functioning breeding habitat patches as possible, is thus a prerequisite for a 

successful conservation effort. Especially critical obstacles are built-up areas, 

motorways, and powerline corridors. The impact area to consider is a 10 km buffer 

regarding all patches of breeding habitat.  

3.3 Ineffective enforced legislation for nature conservation: A case 

study with Siberian flying squirrel and forestry in a boreal 
landscape (II)  

The results showed that a dramatic reduction in occupancy after clear-felling was 

not paralleled by a similar change in occupancy at sites used as controls, where 

occupancy was stable through time. Predicted occupancy on the forest level 

declined from 0.90 to 0.26 and on the nest box level from 0.90 to 0.21 (Fig.12) (II). 
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The collapse in occupancy at sites where the forest was clear-cut according to the 

guidelines can be explained by the reduction in suitable area by half of its original 

amount within 200 m (6.1 ha to 3 ha), and by two thirds within 100 m (2.1 ha to 

0.7 ha), because of tree harvest. The actual delineated areas within remaining 

breeding habitat both around nest boxes and natural cavities were small. Mean area 

was 0.11ha ±SD 0.11 (n=35) and thus actually larger than the 0.03 ̶ 0.07 ha 

suggested in the authority guidance document (Anon., 2004). The maximal 

delineated area was 0.24 ha. 

 

Fig. 12. Predicted flying squirrel occupancy (least square means ± se) at the (a) forest 

and (b) nest box level for the periods before and after the forest cut at control (uncut 

areas; filled symbols) and cutting (where forest was cut according to guidelines; open 

symbols) sites. Data from control sites were artificially split into two equal halves to 

create a before vs. after period. Occupancy values are derived from the BACI models 

presented in (II). (Reproduced from Santangeli et al, 2013 a. Biological Conservation 

157: 237 ̶ 244). 

Efficiency of species protection is a function of efficient science-based protection 

measures, relying on efficient mapping and monitoring data. According to 

Wistbacka (2008), the proportion of breeding sites and resting places registered in 
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the Hertta database in Ostrobothnia region, was around 2 ̶ 6.6%. Thus, between 

94.4 and 98% of the breeding and resting sites were unknown to authorities.   

By using the rather low efficiency of delineations in preserving occurrence of 

flying squirrels, I conclude that the threshold for securing occupancy of breeding 

and resting sites should be somewhere between retaining 0.7 ha and 2.1 ha of 

breeding habitat within 100 m of the nest site and between 3 ha and 6.1 ha within 

200 m. It must however be noted that the occupancy (at forest and box level) 

described in Fig. 12b incorporates observations of both females and males. The 

areas should thus be treated with caution as the main objective must be assessing 

breeding habitat thresholds regarding occupancy of females with pups. I monitored 

delineation sites with nest boxes altogether 83 times post delineation and I recorded 

only one female with pups. Judging from later research (III) the percentage of use 

by female with pups for a delineation area with the noted mean size of 0.11 ha 

would be around 4%. These results provided clear evidence of the inefficacy of 

current guidelines to maintain use of suitable breeding habitat/resting places for 

this species. This is supported by Jokinen et al. (2015), who concluded that the 

efficiency of legislative protection of breeding sites and resting places in Southern 

and Central Finland was diminutive. Their study was done by pellet searching i.e. 

on the forest level. Due to inefficient mapping in the study area only 3% of the 

actual breeding sites and resting places subjected to clear-cutting each year, could 

be located in the Hertta database and subjected to delineation decisions. Thus, the 

remaining 97% were clear-cut, unbeknown to the authorities. Based on pellet 

findings they calculated that the yearly efficiency in securing occupancy on the 

forest level was 50% and the overall conservation success was thus 1.5%.  

3.4 The tragedy of the science-policy gap – Revised legislation 

fails to protect an endangered species in a managed boreal 

landscape (III)  

The analyses produced two important models. The first model predicted occupancy 

depending on the amount of breeding habitat within a 100 m and 200 m radius 

around nest sites (Fig. 13a). The second model predicted occupancy depending on 

the total area of the focal breeding habitat patch (Fig. 13b). The significant variables 

for the first model were the amount of breeding habitat within buffers of 100 m and 

200 m from nest, distance from the shore and the number of boxes and cavities in 

study site. The significant variables for the second model were the breeding habitat 
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patch size, distance from shore and number of boxes and cavities in study site.  

Other used variables proved to be non-significant.  

 

Fig. 13. Predicted occupancy of breeding female flying squirrels in relation to a) the 

amount of breeding habitat within 100m (grey line) and 200m (black line) radius around 

the center point of the focal study site with 0 ̶ 9 ha of surrounding breeding habitat. b) 

the total size of the focal patch of breeding habitat. In the right panel, the vertical grey 

bars show the area to be retained according to the breeding habitat protection 

guidelines from 2004 (left bars; x=0.03–0.07 ha) and the proposed revised guidelines 

from 2015 (right bars; x=0.1–0.3 ha). The inset in panel b, shows the vertical bars 

zoomed in at the lowest end of the forest patch size model and how the guidelines (grey 

areas marked as year 2004 and 2015) apply. Note the range and scale difference in the 

inset axes as compared to the larger figure in panel b. (Reproduced from Wistbacka et 

al., 2018. Forest Ecology and Management 422 (2018) 172–178.) 

The initial and the proposed revision of the habitat protection guidelines were 

shown to allow the retention of breeding habitat patches of minimal size, which 

would yield a very low (less than 5%) predicted occupancy by a breeding flying 

squirrel female (Fig. 13b). Retaining breeding habitat patches according to the 

current guidelines (Anon., 2016), i.e., 0.2–3.7 ha, would imply a predicted site 

occupancy ranging from less than 5% to about 40%. The current guidelines, 

however, provide no guidance regarding the impact of retaining 0.2 ha vs. 3.7 ha.   

A much larger issue is the abandoning of the procedure for authority 

delineation decisions in 2016. The regional ELY-centers are only obliged to give 

advice when consulted regarding planned tree harvest in breeding sites and resting 

places. Since delineation advice are not official documents there exists no 

possibilities for other stakeholders to assess whether tree cutting is done according 

to the National Conservation Act § 49. At least in the region of Ostrobothnia, where 
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the study area is situated, the authority i.e., the regional ELY-Center (EPO-ELY), 

does not monitor the fate of the fraction of breeding sites, for which they have given 

advice for retaining its function after tree cutting – or other sites. Consequently, 

neither regional environmental authorities (ELY-Centers) nor other stakeholders 

can evaluate the impact of retaining different sizes of breeding habitat patches and 

comply with the National Conservation Act § 49. In practice, stakeholders are doing 

conservation in the dark, lacking any science-based evidence of the impact of their 

decisions (Cook et al., 2010).  

The models presented in Fig. 13 can be of good use when planning 

conservation measures regarding forestry and land use planning. This is the only 

study that reports the breeding habitat requirements of female flying squirrels. The 

results of this pioneering work will have a great impact, when used for a much-

needed revision of the current guidelines (Anon. 2016), which are not science based 

and therefore remain ineffective in safeguarding the species habitat from expanding 

forestry 

Coupled with the passive role of ELY-Centers it appears as if forestry has been 

granted a general exemption from complying with the National Conservation Act 

§ 49 and thus also the Habitats Directive. Ultimately this has left the flying squirrel 

at the mercy of largely unregulated forestry, as most of the breeding sites and 

resting places are protected according to the judgement of forest harvesters and 

forest owners (Jokinen et al., 2015; Anon., 2016). Thus, mapping breeding sites and 

resting places, for the database Laji.fi, currently appears to be a futile exercise.  

These results expose a wide gap between science and policy for the 

implementation of environmental legislation, in this case the Habitats Directive, to 

protect species of conservation concern. There is an urgent need to fill the science-

policy gap to achieve the preservation of biodiversity in a world under rapid 

transformation.  

3.5 Endangered tree squirrel surviving ecocide between a rock and 

a hard place (IV)  

The population of breeding females declined until the midpoint of the study but 

recovered almost entirely by the end of the study (Fig. 14 a, IV). This variation was 

tightly linked to the observed temporal variation in survival that was best described 

by a quadratic trend (Fig. 14 a, IV) suggesting that adult survival has a strong 

impact on population growth rates. This is in accordance with earlier studies 

(Brommer et al. 2017). Temporal variation in survival was linked to the predation 
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index (Afun) and to a large-scale climate index (NAO) (IV). When the boreal owl 

brood size increased, survival of flying squirrels over the next year declined. This 

was an effect of a good breeding year for predators followed by a winter with more 

predation on alternative prey species (Fig. 14 b) (IV). The relationship to the NAO 

index was negative, indicating that flying squirrels benefit from mild winter 

conditions. This is in line with Jokinen et al. (2019), who noted that flying squirrel 

abundance increases with higher midwinter (December-February) temperature.  

 

Fig. 14.  a) A quadratic trend in female flying squirrel survival during 1993 ̶ 2018; b) The 

relationship between mean boreal owl brood size (Afun) in year t and survival of adult 

female flying squirrels from year t to t+1. (IV)  

Population recovery during the latter part of the study was characterized by females 

occurring in larger breeding habitat patches with more resources around nesting 

sites (IV). Females also responded to diminishing breeding habitat patches by 

crowding (see Lovejoy et al., 2006) into even mid-size breeding habitat patches. 

This differs from the expansion response noted in Selonen et al. (2001). Females 

have shared dens outside the breeding season (Selonen et al., 2014, own 

observations) but during the breeding season it is more likely that they are territorial 

around the nest boxes used for the first and second litters and use the rest of the 

patch as a communal feeding site. A fusion response of this type has been reported 

from a radio tracking study on northern flying squirrels, and interestingly non-

breeding females were reported to share dens during summer (Smith et al., 2011). 

Similarly, female red squirrels expressed less aggressive interactions in fragments 

and showed a fusion response to patch size reduction (Verbeyelen et.al., 2009). The 

avoidance of small patches by flying squirrels likely reflects poor quality, larger 

predation risk and hence unsustainable conditions for survival and reproduction. 
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Accordingly, I show that female survival benefited from the use of midsized 

patches (Fig. 15).  

Fig. 15. Relationship between patch size (log-transformed) and adult female survival of 

flying squirrels. (IV) 

Furthermore, occupancy of a box site was linked to patch size and the impact of 

patch size increased across the study as the size of habitat patches declined (IV). 

Towards the end of the study, the size of occupied breeding habitat patches levelled 

out at a mean of around 4 ha (IV), which is the safe level area suggested by Hanski 

et al. (2001) and (III). Interestingly, Hosset et al. (2017) concluded that in breeding 

habitat patches with a mean area of around 4 ha, female lifetime reproduction 

success (LRS) was more dependent on food pulses than patch area. Four hectares 

is actually close to the patch size (5 ̶ 6 ha) where female survival reached the peak 

values (Fig. 15). In contrast, the unoccupied box sites declined to an average 

surface area of around 1.5 ha. Very few females were breeding in small (<1ha) 

patches in this area (III).       

Breeding success for spring litters remained stable whereas the litter size of 

summer litters decreased marginally with time (IV). Occurrence of birch catkins 



62 

had an almost significant effect on survival but did not affect breeding success. I 

did not find any covariates that significantly affected breeding success and 

conclude that the possibility of choosing sufficiently large breeding habitat patches 

was an important driver for this (IV). Recently, Carlson (2021) reported that female 

flying squirrels breeding in Finland can, to a great extent, rely on food items from 

pine and spruce during breeding. This might partly explain why my deciduous tree-

based nutrition indexes were not found to be important.  

The adjoining populations in Öja and Larsmo are geographically isolated on a 

large peninsula and show decreased allele richness compared to populations in 

Vaasa-Mustasaari (Selonen et al., 2005; Lampila et al., 2009b). This does not seem 

to have translated into lowered fitness regarding survival and reproduction, 

compared to populations in Mustasaari-Vaasa and Alavus (Koskimäki et. al, 2014; 

Brommer et al., 2017).  

Flying squirrels in our study area appear to be trapped between predation 

pressure and a decline in resources regarding breeding habitat patch and nest site 

quantity. Further reduction of breeding habitat patch size poses a risk for reduction 

of female survival and breeding performance. This deterministic continuing 

reduction in carrying capacity will eventually lead to smaller local populations that 

are in turn vulnerable to stochasticity. This means that the local populations have a 

higher extinctions risk solely due to stochastic events such as weather or chances 

in death and birth. As the development of patch size is arguably similar for 

numerous other forest-living flying squirrel populations in Finland due to the 

general nature of forestry practices, we can expect a general decline in population 

viability in the future. This means declines in local population growth rates and 

local extinctions. Given that females may tend to congregate i.e., are forced into 

crowding, in shared midsize patches, clear cuts might eliminate several females at 

once and cause more rapid population declines. The legislative protection of flying 

squirrels, in forests that are in commercial use, has been effectively terminated. It 

is imperative that forestry practices are fitted together with habitat requirements of 

the flying squirrel outlined in II, III and IV (Table 2).  
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3.6 A legislative point of view  

3.6.1 Low efficiency in safeguarding breeding sites and resting 

places 

The delineation of breeding sites and resting places through official authority 

decisions during the period of 2004 ̶ 2016 offered several legislative advantages i.e., 

a clear definition of the size and location of the breeding habitat that should be 

retained, which was available for all stakeholders. This enabled an evaluation of 

the efficacy of how the delineation decisions secured further use of the breeding 

sites and resting places by the flying squirrel. The resulting delineated areas were, 

however, alarmingly small, which resulted in a major effort performed by the 

environmental authorities, remaining almost completely useless. The cause for this 

was the misleading authority guidance document (Anon., 2004) and apparently also 

a lack of funding for compensating economic losses of landowners. The delineation 

procedures also caused broad socio-political disputes (Jokinen, 2019). 

The delineation process was also hampered by the low efficiency of mapping 

breeding sites and resting places into a national database; Hertta.fi currently Laji.fi 

(Wistbacka, 2008; Jokinen et al., 2015). A delineation procedure regarding 

preserving breeding sites and resting places was only activated when the 

environmental authorities i.e., the ELY-Center, were notified by the regional 

Forestry Centre, that a site was to be subjected to clear-cutting or thinning (Forest 

Act 14b§). According to the guidance document, a delineation decision should be 

made within 30 days (NCA 72a§). Tree cutting notifications were mostly delivered 

in autumn-winter. This was apparent when monitoring the timing of the field work 

for authority delineations. Although it was widely reported (Mäkelä, 1996c; Hanski 

et al., 2001; Reunanen et al., 2004) that the correct method, for assessing whether 

a breeding site or resting places is occupied, is mapping pellets in April-May, many 

sites had been visited in November-February, when the ground can often be covered 

with new snow. This resulted in occupied sites being falsely defined as empty and 

consequently no delineation of breeding sites or resting places were made (e.g., 

Anon., 2011a).  

The efficiency in finding natural cavities was low (e.g., Anon., 2010a). In cases 

when delineation decisions were made, all natural cavities were often not found, or 

delineations were made around only one of several located cavity trees, leaving 

remaining cavity trees on clear cuts (e.g., Anon., 2007a). These decisions thus even 

managed to breach the authority guidance document, according to which 
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delineations should be made for every cavity tree. Delineation decisions only 

affected the parcel mentioned in the notification according to Forest Act 14b§. 

Neighboring parcels were not affected although, according to my observations, 

they were often a part of the breeding site. They could be freely cut after the first, 

and generally only, site specific delineation decision was made (Wistbacka, 2008; 

II).   

The process of authority delineations of breeding sites and resting places was 

abandoned by a change in the National Conservation Act in 2016 and legislative 

protection of the flying squirrel in Finland from forestry has therefore in practice 

been abandoned (Anon., 2016; II, III).   

3.6.2 Demands of the Habitats Directive are not fulfilled  

Current conservation measures are inadequate and demands of the Habitats 

Directive are not fulfilled. What little help the renewed guidance document could 

have provided, was neutralized by abandoning the official delineation decision 

procedure and replacing it with a vague non-transparent procedure, the results of 

which are impossible to monitor and evaluate (III). Habitat destruction, due to 

further forestry operations, turns out to be the ultimate threat for the flying squirrel 

in the future, especially as regional forestry procedures do not allow the 

development of new breeding habitat. There is an urgent regional and national need 

for safeguarding the species’ habitat from expanding forestry impacts (III, IV).   

Presently, voluntary stakeholders are forced to handle all responsibilities for 

preserving this endangered species, but without the resources a society that truly 

aims to preserve biodiversity would be able to provide. This is quite alarming since 

breeding sites and resting places for the flying squirrel have been protected 

according to the Habitats Directive since 1.1.1997. In 25 years (i.e., a quarter of a 

century), protection measures regarding forestry have not advanced to a 

satisfactory level, and since 2016 there are no means even for monitoring the 

efficiency of conservation measures (III). There is an apparent need for enhanced 

conservation methods, as flying squirrel occupancy in the national census plots of 

Luomus has diminished by 36.9% between 2007/2008 and 2016/2017 (Liukko et. 

al, 2019). Given that the number of females was estimated at 150 000 in 2006 

(Hanski, 2006) around 55 350 females had disappeared by 2017, to a great extent 

because of breeding habitat destruction and fragmentation due to forestry. But 

apparently forestry has been granted an exemption from § 49 of the National 

Conservation Act. 
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3.6.3 A local perspective on conservation of flying squirrel  

Diminutive local legislative effort 

My studies, of which this thesis is a vital part, have also examined the results of the 

first tidal wave of conservation efforts for safeguarding the flying squirrel, from a 

frog’s eye perspective. I have been able to monitor the actual enactment of available 

legislative conservation measures and combine this with long-term studies on the 

effects on a local population of flying squirrels. The inefficiency in securing the 

function of breeding sites and resting places (II), was apparent also in the local 

perspective. Following the observations in the Hertta database, the ELY-center 

made 23 delineation decisions according to NCA § 72a between 2006 and 2016 in 

the Byrkö-Eugmo area, to safeguard breeding sites and resting places for flying 

squirrels. In one case, the ELY-center did not find traces of flying squirrel although 

the site was occupied by a female at the time. Twenty-two decisions resulted in 28 

delineation areas with a total area of 6.23 ha (Table 1). The mean size of the areas 

(n=28) is 0.22 ha (median = 0.10 ha, min.= 0.03 ha, max =1.4 ha). Only one 2.2 ha 

patch, consisting of two adjoined delineation areas, contained sufficient resources 

on its own to potentially be of use for flying squirrels (II, III). The rest were 

diminutive stands on clear cuts or functionally and physically parts of other larger 

unprotected breeding habitat patches. Theoretically, the ELY-center could have 

saved 29 breeding sites and resting places by making delineation decisions based 

on science. The delineation procedure ought to have been combined with sufficient 

monetary compensation for landowners. This would have laid the foundation for 

preserving the flying squirrel in Luoto. The disastrous official guidance document 

(Anon., 2004) did however effectively prevent complying with National 

Conservation Act § 49, which is surprising since the guidance document did not 

juridically restrict the actions of the regional ELY-center.  

Theoretically, the municipality of Luoto also has an obligation to safeguard 

biodiversity (NCA 6§) and especially when preparing land use plans. Their 

conservation effort remained low (Table 1) as the flying squirrel was not considered 

when renewing the municipal land-use plan for shorelines and the archipelago in 

2000 or 2011 (Anon., 2011b).  
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Diminutive local legislative effort 

Voluntary protection has so far resulted in only one small permanent Metso-area 

(Table 1), and two out of three fixed-term conservation areas were not renewed in 

2018. In Byrkö-Eugmo, four forest patches, with a total area of 64.4 ha, were 

certified according to the Forest Stewardship Council (FSC) in 2021. The 5% set 

aside area would be 3.2 ha (Anon., 2021), but breeding sites and resting places no 

longer exist in those forest patches.  

Table 1. Statutory protected areas in Byrkö-Eugmo 1993 ̶ 2018. 1A= Nature reserves; 

METSO = Forests protected according to the voluntary program for forest protection in 

Southern Finland and sites reserved for nature conservation in land-use plans (SL). 1B 

= Other statutory protected areas, no forest felling allowed i.e. delineated breeding sites. 

1C= Fixed-term protection areas on privately owned land. 

Method  1A Metso 1A land use (SL) 1B Delineation 1C Fixed term 

Number 1 0 28 3 

Area (ha) 2 0 6.23 6.4 

Mean area (ha) 2 0 0.22 2.13 

As a part of sub work IV, I also monitored breeding habitats in all of Byrkö-Eugmo, 

on a yearly basis and the overall occurrence of flying squirrels in 1994, 2002, 2009 

and 2016. I became aware of the exceptionally fast destruction of breeding habitat, 

while preparing a monitoring report regarding the period 1994 ̶ 2009 (Wistbacka et 

al., 2010). Breeding habitat was diminishing at an alarming rate and if the yearly 

clear-cutting rate for 1994 ̶ 2009 should have prevailed, no breeding habitat would 

have been left by 2021.  

Despite the report on the drastic decline of the flying squirrel and its breeding 

habitat, the municipality 31.5.2010 refused to implement a conservation program 

for the flying squirrel as proposed by the Luoto Environmental Committee 

(Wistbacka et al., 2010; Anon., 2010b). The municipality subsequently clear-cut 

two large breeding habitat patches; in 2011 and 2016. 
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Fig. 16. Breeding habitat in the Byrkö-Eugmo study area in 1994.  

Fig. 17. Breeding habitat in the Byrkö-Eugmo study area in 2018.  © MML, retrieved from 

database 12.2.2022 
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The total area of breeding habitat in Byrkö-Eugmo declined 66.7% between 

1994 and 2018 (Fig. 8a, Fig. 16, 17). The percentage of breeding habitat i.e., habitat 

that with age can become a haven also for other endangered forest living species is 

already well below the proposed 10% (Hanski, 2003; Virkkala and Toivonen, 1999; 

Virkkala et al., 2013). Since the median size of the patches in 2018 was only 1.5 ha 

it is doubtful whether most of them can ever become a haven for biodiversity. Only 

0.216% of the total forest area was protected in 2018 (Table 1).   

Fig. 18. Prediction for decline of breeding habitat in Byrkö-Eugmo from 2018 onwards. 

Solid line = prediction based on mean area of clear-cuts 2010 ̶ 2018. …. = prediction 

based on mean clear-cut area 2010 ̶ 2018 + 1SD. - - - = prediction based on mean clear-

cut area 2010 ̶ 2018 - 1SD.  

The clear-cutting rate decreased during 2010 ̶ 2018. I produced a very simple model 

for the decline of breeding habitat in Byrkö-Eugmo from 2018 onwards (Fig. 18). 

According to the prediction, all of the breeding habitat might be clear-cut by 2042, 

if the current clear-cutting rate prevails. If clear-cutting is intensified with 1 SD of 

the mean, all of the breeding habitat might be clear-cut by the year 2034. Currently, 

the means for stopping local ecocide are very limited.  
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4 Concluding remarks  

My study has produced vital information on the effectiveness – or rather lack of it 

– regarding conservation of the flying squirrel according to the Habitats Directive, 

as stated in the National Conservation Act § 49. This primarily regards the issue of 

protecting breeding and nesting sites from forestry procedures (II). The scientific 

data I have produced has not yet been incorporated into official guidance 

documents (Anon., 2016, III, IV). In Table 2, I present some issues regarding the 

flying squirrel and means for solutions.  

Table 2. Main results of thesis regarding legislative effort combined with 

recommendations for applying to the Habitats Directive, by using available and new 

knowledge about the ecology of the flying squirrel.  

Subject Issue Recommendation  Source 

Legislative effort  Guidance document 2016 Total renewal with a new guidance 

document based on science 

II, III, IV 

Legislative effort Mapping of breeding sites Immense need for improvement; 

imperative to map all natural cavities 

II 

Legislative effort Preserving breeding sites Resuming delineation process - with 

proper monetary compensation 

II 

Legislative effort Preserving breeding sites Minimum of 4 ha should be preserved. 

Smaller patches must remain uncut 

III 

Legislative effort Preserving breeding sites Recommended area for enhanced survival 

is at least 5 ̶ 6 ha 

IV 

Legislative effort Preserving breeding sites More than one female can breed in 

midsize patches with several nest sites. 

Whole breeding habitat patch should be 

preserved  

III, IV 

Conservation 

effort 

Preserving populations Making land-use plans on a landscape 

level to secure dispersal routes 

I, IV 

Conservation 

effort 

Preserving populations Preparing legislation for land-use planning 

to secure dispersal of flying squirrels over 

motorways and powerline corridors 

I, IV 

Monitoring effort Monitoring of populations Nationwide large-scale monitoring with the 

use of nest-boxes to clarify abundance, 

survival, reproduction, deceases etc. 

I, IV 

Monitoring effort Monitoring of populations Nationwide monitoring of genetic diversity I, IV 
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It is very likely that the situation for the flying squirrel in a plethora of other 

municipalities, where forests are in intense economic use, is as dire as in Luoto. 

The observations of a drastic decline in abundance, reported from the national 

survey of the flying squirrel (Liukko et al., 2019), indeed indicate that monitoring 

observations regarding depletion of breeding habitat, such as e.g., Eugmo-Byrkö (I, 

IV), and population crashes as in Alavus (Koskimäki et al., 2014) are not 

exceptions from the rule. The situation in Byrkö-Eugmo also indicates that it is high 

time to intensify conservation of the flying squirrel and forest nature in general, as 

habitat depletion and fragmentation already has reached an alarming level (IV).  

 Since also the overall protection of biodiversity in Finnish forests is 

malfunctioning, it is high time that all stakeholders intensify the conservation of 

forest nature to save endangered species and habitats from extinction. There is no 

lack of knowledge regarding the ecology of the flying squirrel or the deterioration 

of the ecology of Finnish forests (e.g., Hanski, 2003; Virkkala and Toivonen, 1999; 

Virkkala et al., 2013; Hyvärinen et al., 2019; Kontula and Raunio, 2018). To 

prevent the disappearance of flying squirrels, sufficient networks of well-connected 

and protected forest areas are needed. A network of 10% protected forest land-areas 

in Southern Finland could on its own guarantee a successful conservation of 

biodiversity, including the flying squirrel (Hanski, 2003; Virkkala and Toivonen, 

1999; Anon., 2020). It is imperative that the protected forest patches are sufficiently 

large i.e., at least larger than 4ha. Unfortunately, the present networks in the Luoto 

study area (0.216%), Ostrobothnia (3.4%) and in southern Finland (3.6%) 

(http://stat.luke.fi/metsien-suojelu) are not enough to safeguard even the flying 

squirrels. And at least in Luoto, the median size of the remaining breeding habitat 

patches is alarmingly small i.e., 1.5 ha. 

Voluntary protection (e.g., the METSO-program in Finland) is potentially vital 

for conservation of the flying squirrel as protection through legislation or 

obligatory conservation programs has been ineffective (Santangeli et al., 2013 a; 

Jokinen et al., 2015; Wistbacka et al., 2018). Certifying forests according to the 

FSC-standard may be a solution (Wistbacka et al., 2018; Anon., 2021). These 

conservation measures are also publicly accepted although not critically evaluated 

regarding their protection potential. Continuous cover forestry is being presented 

as a viable complement to rotation forestry using clear-cuts (Peura et al., 2018; 

Eyvindson et al., 2021). The flying squirrel would arguably be one species 

benefiting from continuous cover forestry, providing that breeding sites were left 

undisturbed and deciduous trees would be favored. I am however not aware of 

studies addressing benefits for flying squirrels provided by continuous cover 
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forestry. Conservation easement is an interesting new concept (Holmsted, 2011) 

but not yet practiced in Finland.  

Mapping and protecting breeding sites, resting places and dispersal routes in 

recreational forests in certain larger towns (see Mäkeläinen et al., 2015; Lundgren 

and Rönnberg, 2018; Erävuori et al., 2019) are steps in the right direction and could 

serve as an inspirating example also for forestry stakeholders. The negative trends 

regarding habitat depletion and population decline in commercial forests might 

eventually leave these rural occurrences as isolated islands (e.g., Lindenmayer et 

al., 2011). 

The main thing that seems to be lacking is determination and will, to preserve 

biodiversity in our forests. 
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