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Abstract
Osmoderma eremita is a species of beetle that inhabits hollows in ancient trees, which is a habitat that has decreased signifi-
cantly during the last century. In southeastern Sweden, we studied the metapopulation dynamics of this beetle over a 25 year 
period, using capture-mark-recapture. The metapopulation size had been rather stable over time, but in most of the individual 
trees there had been a positive or negative trend in population development. The probability of colonisation was higher in 
well-connected trees with characteristics reflecting earlier successional stages, and the probability of extinction higher in 
trees with larger diameter (i.e. in later successional stages), which is expected from a habitat-tracking metapopulation. The 
annual tree mortality and fall rates (1.1% and 0.4%, respectively) are lower than the colonisation and extinction rates (5–7%), 
indicating that some of the metapopulation dynamics are due to the habitat dynamics, but many colonisations and extinctions 
take place for other reasons, such as stochastic events in small populations. The studied metapopulation occurs in an area 
with a high density of hollow oaks and where the oak pastures are still managed by grazing. In stands with fewer than ten 
suitable trees, the long-term extinction risk may be considerable, since only a small proportion of all hollow trees harbours 
large populations, and the population size in trees may change considerably during a decade.
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Introduction

Metapopulation theory provides a framework for study-
ing population dynamics in fragmented landscapes 
(Ovaskainen and Hanski 2004), and is thus relevant in spe-
cies conservation (Hanski 1998). It has been recognised 
that metapopulations differ in their pattern of local extinc-
tions (Harrison and Taylor 1997). In a classic metapopula-
tion, all local populations face the risk of extinction due to 
stochastic events in patches that remain suitable (Hanski 
1994). In contrast, in a habitat-tracking metapopulation, 
local populations often go extinct due to habitat dete-
rioration (Thomas 1994). Furthermore, mainland–island 
metapopulations are characterized by a large difference 
in extinction risk amongst populations, with some local 
populations (inhabiting ‘mainlands’) having almost no 
extinction risk (Harrison and Taylor 1997). Most empirical 
studies on metapopulation ecology have been conducted 
on species with a rapid turnover, i.e. for which most local 
populations are exposed to a considerable extinction risk 
(Hanski 1999), such as many butterfly species (Hanski 
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et al. 1994; Hanski and Thomas 1994; Cabeza et al. 2010). 
For such species, their dynamics can mostly be revealed 
even in short-term studies. Studies examining species with 
slower dynamics would increase our understanding of the 
relevance of metapopulation theory for a broader range 
of organism groups, but that would require long-term 
assessments.

Ancient trees constitute a habitat that is decreasing sig-
nificantly worldwide (Lindenmayer et al. 2014). With the 
aging of trees, hollows are often formed (Ranius et  al. 
2009a). Inside tree hollows, wood mould (which is a mix-
ture of decayed wood, fungi, remnants and frass from insects 
and other animals) supports a specialized invertebrate fauna 
(Siitonen and Ranius 2015). Hollows with wood mould rep-
resent a long-lived habitat that may last over many decades 
or even more than a century (Ranius et al. 2009b).

Osmoderma eremita is a beetle species that has been 
studied more than any other organism inhabiting hollows 
with wood mould. According to simulations based on field 
data from a few years, its metapopulation dynamics are 
slow, implying that it may take centuries from a decrease 
in the number of hollow trees until the O. eremita popula-
tion finally goes extinct (Ranius and Hedin 2004). This is 
due to the low dispersal capability of the beetle (Ranius 
and Hedin 2001; Chiari et al. 2012) and the long lifetime 
of the hollow trees (Ranius et al. 2009b). Therefore, in 
order to assess the species’ metapopulation dynamics, 
long-term observational studies are needed.

In this study we explore the metapopulation dynam-
ics of O. eremita over 25 years (1995–2019) in an area 
with a high density of old oaks in southeastern Sweden. 
Such a long study period is rare amongst metapopulation 
studies (see, however, several butterfly studies, e.g. Van 
Strien et al. 2011; Ojanen et al. 2013; Johansson et al. 
2017). More specifically, we assessed the fluctuations and 
trends in the population size in individual trees and the 
whole metapopulation. The metapopulation turnover was 
assessed on the basis of colonisation and extinction rates. 
When doing so, we tested three hypotheses:

i The metapopulation is a mainland–island type, result-
ing in large differences in population size between trees, 
with the same trees having the largest populations over 
time (i.e. constituting the mainlands).

ii The metapopulation is habitat-tracking, resulting in the 
probability of colonisation and extinction increasing 
with tree characteristics reflecting early or late succes-
sional stages, respectively.

iii The local extinction rate is both driven by habitat 
dynamics and by internal population dynamics, resulting 
in local extinction rates being higher than tree mortality 
and fall rate.

Material and methods

Study species

O. eremita is a 3-cm long Scarabaeid beetle, which has been 
allocated the highest conservation priority in the EU’s Habi-
tat Directive Annex II and IV (European Council 1992). 
The larvae develop exclusively inside hollow trees (Ranius 
et al. 2005). In Sweden, O. eremita primarily inhabits oaks 
(Quercus robur) in wooded pastures. Adults emerge in July 
and live for a few weeks. They mainly remain in the same 
tree hollow (Ranius and Hedin 2001), and do not feed. The 
total development time of O. eremita is usually 3 or 4 years 
(Ranius et al. 2005).

Study area and design

This study was conducted in two areas in southeastern 
Sweden which were chosen because of their high density 
of hollow oaks: Bjärka-Säby (58°16ʹ N, 15°46ʹ E), and Bro-
kind (58°12ʹ N, 15°40ʹ E). The two areas include a total 
of approximately 200 hectares. Sampling of trees (Fig. 1) 
for adult O. eremita was undertaken in the following years: 
1995–2002, 2005, 2006, 2008, 2015, and 2019. During the 
first three years we sampled only in the core areas of Bjärka-
Säby, representing approximately 30% of the trees included 
in 1998. In 1998 and thereafter, a larger area was studied, 
and in 1998 all hollow trees with cavities in which it was 
possible for a pitfall trap to be retained were selected for 
trapping. In practical terms, this meant that we excluded 
trees that had hollows higher than 5 m above the ground 
(length of the ladder), were too narrow to access, had too 
little accessible wood mould in which to place a pitfall trap 
or where the wood mould was inaccessible (too far from 
the entrance hole to be reached). In each hollow we placed 
a pitfall trap (an empty jar) with the opening at the level of 
the wood mould surface (Ranius 2001). If possible, traps 
with a top diameter of 7 cm were used, although in narrow 
hollows they were 5–6 cm wide. The traps were emptied 
every second day (or, during the first three years, every day) 
from early or mid-July to mid-August. Each trapped beetle 
was given an individual mark on the elytra and thereafter 
released on the surface of the wood mould.

Population size

For estimating population size from capture-mark-
recapture data, we used Craig’s (1953) model: 
log N – log (N – r) = s × N−1, in which N is the population 
size, r is the number of captured individuals, and s is the 
number of captures. Recently, different models based on the 
Jolly–Seber method (Jolly 1965) have frequently been used 
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for population size estimates (Schwarz 2001; Madon et al. 
2011; Marschalek 2020). With the Jolly–Seber method it is 
possible to estimate the population size for certain points in 
time, whilst with Craig’s model we only obtain the size of 
the population that have been present during the whole sea-
son, which is needed in the present study. In a previous anal-
ysis, our capture-mark-recapture data over 4 years was ana-
lysed with both Craig’s model and the Jolly–Seber methods, 
and it resulted in very similar estimates of the population 
size (Ranius 2001). Also for other species, Craig’s model has 
been found to provide fairly accurate estimates of population 
size (Matter and Roland 2004). Here we used only Craig’s 
model, since it requires less data. However, even with this 
method it was not possible to calculate the population size 
for each tree and year separately, as many trees had no recap-
ture events. Therefore, we divided the trees and years into 

two groups: (i) trees and years with > 10 captured individu-
als, and (ii) trees and years with ≤ 10 captured individuals. 
In the first case we used Craig’s model for each tree and 
year separately. In the second case, we used Craig’s model 
to estimate the total population size for each year. This esti-
mate was divided by the number of captured individuals. 
The population size in each tree and year was estimated by 
multiplying this rate by the number of captured individuals 
in each tree. Standard error values were obtained for each 
population size estimate using Craig’s method. Thus, it was 
estimated only for trees and years with > 10 captured indi-
viduals (see Online Resource 1).

When describing the development of the total metapopu-
lation size, we used the average population size per sampled 
tree, since the number of trees surveyed each year was not the 
same. The coefficient of variation (CV) was used as a meas-
ure of temporal variability. CV = (SD over time) × (mean 
over time)−1 was calculated both for the average population 
size per sampled tree and for the populations in individual 
trees.

Colonisation rate and extinction risk

We observed colonisations and extinctions by comparing 
presence/absence over three sequential sampling years at a 
time. Our main way to do this was based on assumptions 
derived from the species’ biology (with a developmental 
time of 3 or 4 years) and the risk of observing false absences 
or presences. As a sensitivity test we compared the colonisa-
tion rate and extinction risk when applying other assump-
tions (observing colonisations and extinctions by compar-
ing presence/absence over one and two sequential sampling 
years at the time). In our main approach, at least three 
adults found per year was regarded as a presence and no 
adults found was regarded as an absence. When one or two 
adults were found, we assumed that the status (presence or 
absence) was the same as the year before (or for the first 
monitoring the year later), because one or two adults have 
been found in certain years in trees where no more adults 
were ever recorded. This was done to avoid false presences 
due to immigration to trees where larvae never developed. 
Only when beetles were recorded as absent in three sequen-
tial sampling years was the population considered absent, 
since adults can be absent from a tree even though the spe-
cies still exists as larvae. When sampling did not occur every 
year, sequential sampling years were taken into account even 
though the time between the sampling was greater. There-
fore, it was also possible to observe colonisation and extinc-
tion rates for the latter part of the period of study, when 
sampling did not occur every year.

We analysed the probability of colonisation and extinc-
tion with tree characteristics reflecting habitat amount, 
microclimate, and successional stage (Table  1), using 

Fig. 1  Location of the trees in Bjärka-Säby and Brokind (Östergöt-
land, Sweden), where Osmoderma eremita has been studied. The 
different symbols indicate the estimated population size per tree in 
2019: black filled dots mark > 10 O. eremita individuals, grey filled 
dots mark < 10 individuals, black open circles trees where no individ-
uals were found, and small grey open dots indicate hollow trees not 
surveyed
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binomial logistic regression with tree ID as a random fac-
tor. Due to the relatively high number of potential pre-
dictors (k = 9), we performed a first selection of the vari-
ables, analysing one variable at a time, using second-order 
Akaike’s information criterion corrected for small sample 
size [AICc; R package AICcmodavg (Mazerolle 2019)], as 
recommended when N (sample size) × k (number of predic-
tors)−1 < 40 (Burnham and Anderson 2002). We selected 
all variables that decreased the AICc value in comparison 
to the null model. After that we built multivariable models 
by testing all possible combinations of selected variables 
together with the covariate number of possible occasions 
using the R package MuMIn (Bartoń 2019). Models were 
ranked using the difference between their AICc score and the 
score of the best-fitting model (ΔAICci = AICci – AICcmin); 
we considered models with ΔAICc < 2 plausible (Burnham 
and Anderson 2002).

Thereafter, we calculated colonisation rate and extinction 
risk for each year by dividing the number of trees in which 
colonisation or extinction events were observed by the num-
ber of trees where it was possible to observe these events. 
As a sensitivity analysis, we also tested to use (i) only one 
or (ii) two years of absence in a row, and only (iii) for three 
years in a row (which implies that when the sampling did not 
occur every year, observation of colonisations and extinc-
tions was impossible).

Tree characteristics

Tree characteristics, which have been previously tested in 
studies of O. eremita (Ranius and Nilsson 1997; Ranius 
and Jansson 2000; Ranius 2002, 2007), were measured in 
2001 and 2019 (Table 1). Diameter data were collected 
in 2019, but for those trees not visited in 2019, we used 
data from 2001, and added 2 × 18 × (annual ring width 

measured at each location) (Ranius et al. 2009b). The 
entrance size and wood mould surface in the hollow were 
measured on the basis of the shape they most resembled 
(ellipse, circle, triangle, or rectangle). The wood mould 
surface area (S) and the depth of the cavity from the 
surface were used for calculating wood mould volume 
(V = 1/3 × depth of cavity × surface area S). In the analy-
ses, we used the geometric average of the wood mould 
volumes measured in 2001 and 2019. When one of the 
values was missing, only the other one was used. Direc-
tion of entrance was categorized according to the sun-
path diagram, taking account of the intensity of the sun’s 
radiation. We divided the circle (360º) into 24 sections 
which were numbered according to the distance from 
south (180º), resulting in 12 categories with 1 being the 
most southerly and 12 the most northerly direction. For 
tree age, we used values measured from cores collected 
in 2005 (see Ranius et al. 2009a) and added the number 
of years (14) that had passed.

We calculated connectivity, which according to meta-
population theory affects colonisation rate and extinction 
risk (Hanski 1998), using the following equation:

where pj is the average population size over time in all sur-
veyed trees j (Ranius et al. 2010). The value of α was set 
to  60−1 based on the proportion of dispersing O. eremita 
individuals with dispersal ranges exceeding certain distances 
observed in previous dispersal studies (Ranius 2006). dij is 
the distance between trees i and j (in m). Comparing habitat 
variables alive/dead and tree position, measured in 2001 
and 2019, allowed us to calculate tree mortality and fall rate 
over 18 years.

Si =

n
∑

j=1

pj exp
(

−�dij
)

, for all j ≠ i,

Table 1  Tree variables used in the analyses

For details about measurement of entrance size, wood mould volume, and connectivity, see Methods

Variable Definition Year of measurement Unit

Canopy coverage Percentage of a 2 m wide zone around tree crown shaded by other tree 
crowns. Classes < 25 (0), 25–75 (1), > 75% (2)

2001, 2019 nr

Direction of entrance Horizontal direction of entrance hole (angle) 2019 nr
Entrance height Distance from the ground to the lower part of the entrance hole 2019 cm
Entrance size Area of entrance hole 2019 cm2

Alive/dead Whether the tree is alive (1) or not (0) 2001, 2019 nr
Tree age Age estimated from coring 2006 years
Diameter Calculated from the stem circumference at breast height (1.3 m) 2001, 2019 cm
Wood mould volume Approximate wood mould volume in tree hollow 2001, 2019 dm3

Connectivity Value expressing a potential for immigration 2019 m
No of possible occasions How many years’ colonisations or extinctions it was possible to observe 2019 nr
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Results

Population size

O. eremita was found in 39 (50%) of 78 sampled trees. 
The average population size per tree varied from 2.8 to 
14.2 between years (Table 2), and from 0 to 103 between 
individual trees. The average population size per sampled 
tree was relatively stable over time (Fig. 2), whilst for 
individual trees the population size often changed consid-
erably over time.

The temporal variability in population size was larger 
in individual trees than in the total metapopulation; CV for 
individual trees was on average 1.57 and for the average 
population size per sampled tree 0.52. For the seven trees 
with the largest populations, the value was 0.75 (Fig. 3). 
Amongst these seven trees, all trees with decreasing 

population sizes were recorded as being dead in 2001. The 
other four trees—one with stable population size and three 
with increasing population sizes—were alive in 2019.

Colonisation rate, extinction risk and tree 
characteristics

The probability of colonisation increased with increased 
connectivity, and if trees were alive. In single models, the 
colonisation rate increased with decreasing amount of wood 
mould, entrance size, and canopy cover, but in other mod-
els with increasing entrance height and diameter. The prob-
ability of extinction increased with increasing tree diameter 
(Table 3), and in one model also with decreasing entrance 
height. When using other assumptions for when the species 
is present and absent, similar outcomes were obtained (see 
Online Resource 2).

Table 2  Number of sampled 
trees, captures and captured 
Osmoderma eremita 
individuals, estimated 
population size and average 
number of individuals per tree 
from 1995 to 2019

Year No. of sampled 
trees

Captures Captured indi-
viduals

Estimated popula-
tion size

Average population 
size per sampled tree

1995 25 283 165 227 9.2
1996 25 214 108 170 6.8
1997 25 311 140 198 8.0
1998 66 542 203 285 4.4
1999 76 422 244 390 5.3
2000 77 436 225 357 4.7
2001 71 206 129 196 2.8
2002 52 279 174 280 5.3
2005 32 212 100 120 3.9
2006 32 388 227 441 14.2
2008 26 202 76 87 3.3
2015 49 170 108 159 3.3
2019 48 500 267 389 8.6

Fig. 2  Average number of individuals per tree (light grey symbols), colonisation rate (%, dark grey symbols), and extinction risk (%, black sym-
bols) of Osmoderma eremita from 1995 to 2019
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Colonisation rate and extinction risk, using our main 
approach (population absence recorded only when absent 
in three sequential sampling years), were 7.2% and 5.1%, 
respectively. They were relatively stable over time (Fig. 2). 
When population absence was considered to have occurred 
when the species was absent 2 years in a row, the rates were 
6.6% and 8.1%, and for 3 years in a row (excluding years 
when sampling did not occur every year) 5.5% and 7.7%. 
The annual tree mortality was 1.1% (14 trees out of 68 died 
during the 18 years). The probability that a tree would fall 
was 0.4% per year (five trees of 74 had fallen during the 
18 years).

Discussion

Despite large changes in populations of O. eremita in indi-
vidual trees, the metapopulation size was relatively stable 
over 25 years. Metapopulation dynamics seem to be impor-
tant for this species, since it may persist at a metapopula-
tion level even though the conditions and population sizes 
in individual trees are changing. Partly, the colonisations 
and local extinctions could also be the result of source-sink 
dynamics. However, it is less likely that this is an impor-
tant process for this particular species, since the majority 
of adults remain in the same tree throughout their entire 
lifetime (Ranius 2001). Furthermore, in all trees with adults 
of O. eremita, frass of larvae is found (Ranius and Nilsson 

1997), implying that observed adults are not only immi-
grants but at least at some occasions the tree has supported 
larval development.

O. eremita has been described as occurring in a main-
land-island metapopulation, since there is wide variability 
in population size and thus also in population persistence 
between trees (Ranius 2007). However, since the largest 
populations, which seem to be “mainland populations”, 
do not remain that large over a longer period of time, they 
probably also suffer from a local extinction risk at a longer 
time scale (cf. Ranius 2007). Thus, our long-term survey 
reveals that O. eremita occurs in a mainland-island meta-
population to a lesser extent than previously thought.

High connectivity and that trees were alive were the 
two most important factors increasing the colonisation 
rate. The positive effect of connectivity on colonisation 
rate indicates that the immigration rate is higher for trees 
with higher connectivity. This effect is consistent with 
metapopulation theory (Ovaskainen and Hanski 2004) 
and with the low dispersal rate and range observed for the 
species (Ranius and Hedin 2001). This implies that the 
spatial distribution of habitat is important; suitable hollow 
trees are colonised by O. eremita and thus also contrib-
ute to metapopulation size to a greater extent if they are 
clustered rather than more isolated from each other. The 
importance of the spatial distribution of deadwood habi-
tats has recently been questioned by Komonen and Müller 
(2018), but their conclusion was only based on maximum 
observed dispersal distances and interpretations of genetic 
patterns, whilst observations of colonisation patterns were 

Fig. 3  Changes in population size of Osmoderma eremita for the 
seven trees with the highest estimated population sizes (average over 
time) and at least eight trapping years over 25 years. Black lines rep-

resent trees recorded as being dead in 2001. Light grey lines represent 
trees that were alive in 2001
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not considered. Observations of colonisation patterns, as 
those in our study, give more direct evidence of the impor-
tance of connectivity for long-term population persistence 
in landscapes but require data from repeated surveys at 
multiple sites, which is rare.

According to several models, the colonisation rate 
increased with tree characteristics reflecting early decay 
stages (living trees, less wood mould, smaller entrance 
size; Ranius et al. 2009b). In other models, it was pos-
itively related with the diameter of the tree, the height 
between the ground and the entrance hole, or with a 
decreasing canopy cover, which all are variables that pre-
viously have been shown to increase the probability of 
occurrence of O. eremita (Chiari et al. 2012). In our study, 
O. eremita colonised only living trees. To some extent 
this supports the idea that dead trees are unsuitable for 
the species (Ranius et al. 2005). However, in one tree we 
observed the species had been persisting for more than a 
decade after the tree had fallen. Even though O. eremita 
tends to colonise hollow trees in early stages, the trees 
are still old; hollows starts to form when the oaks are 
200 years (Ranius et al. 2009b).

Since it is impossible to trap beetles in hollows with nar-
row entrances, we have no O. eremita data from such trees. 
Trees with smaller entrances tend to be younger and con-
tain smaller volumes of wood mould (Ranius et al. 2009a). 
Thus, these trees tend to be in an earlier successional stage 
and since population size tends to increase with the amount 
of wood mould (Ranius 2007), the O. eremita populations 
tend to be smaller in comparison to trees we studied. Thus, 
our study may not reflect the dynamics in all trees, but still 
it includes the trees most important for the metapopulation 
dynamics.

The probability of extinction increased with tree diameter 
and decreased with entrance height. The relationship with 
tree diameter reflects that the extinction risks increase dur-
ing the successional development of the hollow trees. The 
tendency to colonise trees in earlier successional stages and 
become extinct in later stages is consistent with expecta-
tions for a habitat-tracking metapopulation (Thomas 1994). 
According to Thomas (1994), local colonisations and extinc-
tions in metapopulations of rare and declining species are 
often consequences of successional changes of the habitat. 
This has previously been found for another wood-depend-
ent beetle species, associated with burned forest habitats 
(Ranius et al. 2014).

Similar to the results presented by Drobyshev et al. 
(2008), the annual mortality of oaks in our study was 1.1%. 
The observed colonisation and extinction rates were higher 
(5–7%), indicating that whilst some of the metapopulation 
dynamics are due to the habitat dynamics, many colonisa-
tions and extinctions occur for other reasons. This means 
that O. eremita has more dynamic metapopulations than, 

for instance, specialised epiphytic lichens, which have 
very low extinction rates, once they have colonised an old 
oak tree (Johansson et al. 2012). Conclusively, our obser-
vations support the suggestion that beetle populations in 
hollow trees function as habitat-tracking metapopulations.

In our study area, the population size of O. eremita has 
been relatively stable over the last 25 years. The hollow 
oaks have historically been growing in a half-open land-
scape commonly used for hay-making and grazing. Today, 
around 70% of the studied trees are situated within pastures 
still grazed by cattle or in a deer park. Both on grazed and 
ungrazed land, shrubs and fast-growing small trees have 
been cut in the immediate vicinity of the old oaks. This is 
one reason why the proportion of sun-exposed trees has 
slightly increased over time (2001: 30% sun-exposed, 12% 
shaded; 2019: 42% sun-exposed, 21% shaded). Cessation 
of management would increase tree mortality and also be 
detrimental for many beetle species present (Ranius and 
Jansson 2000). Our study suggests that the conditions in the 
study area allow the persistence of O. eremita. However, 
the area is amongst only a few with a high density of hollow 
oaks, whilst the majority of sites with O. eremita are much 
smaller (Ranius et al. 2005), and in such sites the risk of 
extinction may be substantial. This is because, at such sites, 
the populations are probably often dependent on one or a 
few trees that harbour a large number of individuals. As a 
result, the long-term extinction risk may be elevated, since 
the population size may change considerably in individual 
trees within a decade.

Implications for conservation

Our study shows that successional development and spa-
tial connectivity of the habitat are the two main factors to 
consider in the conservation of O. eremita. In areas with 
numerous ancient trees there is often a comparatively low 
number of young trees (Miklín and Čížek 2014; Ranius et al. 
2009a), indicating a potential decrease in ancient trees in the 
future (Gibbons et al. 2008; Miklín and Čížek 2014). For 
maintaining O. eremita metapopulations in the long term, 
existing hollow trees should be preserved and, if possible, 
their life-time prolonged (Keymer et al. 2000). New hollow 
trees should be established, and as the development of a 
hollow takes a very long time, perhaps this development 
can be accelerated by damaging younger trees (‘veteranisa-
tion’) (Siitonen and Ranius 2015). It may be done through 
activities like pollarding (Šebek et al. 2013), pruning of 
branches (Avilés 2019) and injuring the trees (Gibbons et al. 
2000) through, for instance burning its base, boring holes, 
or hitting the trunk with a sledgehammer (Bengtsson et al. 
2015). The spatial location of both existing and new trees 
is important to consider, since the probability of O. eremita 
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colonising trees is higher if they are situated closer to exist-
ing populations.
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