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to set up a number of conservation management scenarios, where new oaks were added to 
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1 Abstract
The oak district of Östergötland is one of the largest oak forests left in Europe and it harbours 
many threatened species dependent on old hollow trees. In this study, the saproxylic beetle 
Osmoderma eremita living in hollow oaks was used as a model species and parameterised for 
a metapopulation model (the incidence function model) at the level of individual trees. The 
aim was to set up a number of conservation management scenarios, where new oaks were 
added to increase the quality of the matrix and then simulate the resulting metapopulation 
occupancy, using three levels of dispersal. A real data set of hollow oaks was used as the base 
for modelling. Oaks were added to cells in a lattice covering the study landscape, where cell 
size, cell position and numbers of oaks per hectare were varied. The results show that a larger 
area of added oaks and a greater number of oaks per hectare will give a higher increase in 
total occupancy, no matter the dispersal, but the second  smallest cell size used (3.4 km2 ) will 
give the highest response per effort for medium and high dispersal abilities, and smaller cells 
with greater number of oaks per area can be more effective. The best location for an increased 
occupancy differs depending on dispersal ability of the focal species and should be considered 
in conservation management work. For unoccupied cells, the effort required to get the cell 
occupied will be smaller for cells having a greater number of oaks. 

Keywords: Metapopulation, Matrix, Fragmentation, Hollow oaks, Saproxylic, Conservation, 
Restoration
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2 Introduction
Fragmentation and loss- or degradation of habitat has been recognised as major causes of 
local species extinctions and population declines (Begon et al. 1996). This has been shown for 
many different types of ecosystems, including coral reefs (Barret 1995), rain forests (Arroyo-
Rodriguez et al. 2007) and grasslands (Thomas et al. 1992). Species in fragmented landscapes 
live  in  more  or  less  isolated  patches  surrounded  by  unsuitable  areas.  Compared  to  an 
undisturbed landscape, patches are smaller and suffer from greater isolation and also edge 
effects. Habitat specialists are particularily sensitive to habitat fragmentation due to their low 
or  variable  population  sizes  and  low  dispersal  abilities  (Thomas  et  al. 1992,  Fahrig  & 
Merriam 1994, Kruess & Tscharntke 1994, Bender et al. 1998). One of the most fragmented 
habitats  is  temperate  broad-leaved forest  in  Europe.  In Central  Europe,  only 0.2% of the 
original amount is considered undisturbed (Hannah et al. 1995) which makes habitats such as 
old  hollow  trees  very  rare  and  many  of  the  organisms  dependent  on  tree  hollows  are 
considered threatened (Ranius 2002a). For instance, a survey in Belgium failed to find any 
oaks dying of old age at all  (Speight 1989). However, some areas in Sweden still have a 
landscape rich in broad-leaved forest. The oak district of Östergötland, in the south-eastern 
part  of Sweden,  is  due to its  biodiversity and size considered one of  the most  important 
remaining oak landscapes in Europe today (County Board of Administration, Östergötland 
2006a). In Tinnerö, a part of the oak district located directly south of the town Linköping, 123 
red listed species have been found. The majority of the species is dependent on old hollow 
oaks (Quercus robur  L.). Still, the oak-rich landscape suffers from fragmentation and large 
historical habitat losses (Jonsson 2007) and is in many parts in need of restoration to secure its 
species diversity in the long term (County Board of Administration,  Östergötland 2006a). 
New areas need to be created to increase the connectivity of habitats and to increase the total 
area. Oaks today are predominantly clustered, growing in pastures and meadows separated by 
farm land, boreal forests and urbanised areas. (County Board of Administration, Östergötland 
2006a, 2006b). 

Species  living  in  old  hollow  oaks  has  been  shown  to  conform  to  metapopulation 
dynamics, with colonisations and local extinctions among individual trees as they grow old, 
develop hollows and eventually  die (Ranius 2002b).  The concept  of metapopulations was 
introduced  by  Levins  (1969)  to  describe  the  spatial  dynamics  of  species  living  in 
heterogeneous  environments.  To  be  of  greater  use  in  for  instance  conservation  biology, 
Levins' model have been extended by several authors (Hanski & Gilpin 1997) to include the 
geographical locations of patches as well as their area. The Incidence Function Model (IFM) 
(Hanski 1994) is a metapopulation model that has been used for many types of organisms 
(Moilanen & Hanski  1998, Bergman & Kindvall  2004, Ranius & Kindvall  2006).  In this 
model, a patch is either empty (extinct) or occupied (colonised) and the probability of the 
patch being occupied is called its incidence. However, the quality of the areas surrounding the 
suitable habitat patches also have an effect on the persistence of the metapopulation, where 
the background environment, called the matrix, often is a gradient from suitable to unsuitable 
habitat  (Vandermeer  &  Carvajal,  2001).  The  heterogeneity  of  the  matrix  changes  the 
emigration success between patches (Gustafson & Gardner 1996) and thus the connectivity. 

The overall aim of this study was to investigate the effects of raising the quality of the 
matrix to an existing oak landscape by introducing new oaks, on metapopulation persistence 
for  a  model  species.  The model  species  was  based  on the  saproxylic  beetle  Osmoderma 
eremita  (Scopoli  1763)  living  in  hollow  oaks,  which  has  been  shown  to  conform  to 
metapopulation dynamics,  where hollow oaks sustain local populations and stands of oaks 
form the metapopulation (Ranius 2000, Ranius 2001, Ranius & Hedin 2001) and can be used 
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as an indicator of species richness (Ranius 2002c). By varying the spatial scale and distance 
between the added oaks, a number of management scenarios were set up with the intention of 
giving answers to the following questions:

1. What spatial scale should be used when raising the matrix quality to increase the total 
occupancy of the landscape in the most effective way? 

2. What distance between added oaks is needed to give an increase in total occupancy of 
the landscape? 

3. How do the answers in (1) and (2) vary for species with different dispersal abilities? 

3 Materials and methods

3.1 Study area and oak data
The study area is located in the south-eastern part of Sweden, between the towns of Linköping 
in  the  north-west  and Åtvidaberg  in  the  south-east  (Fig.  4).  In  Östergötland,  the  County 
Administrative Board of Östergötland surveyed all hollow oaks and oaks having a diameter 
larger than 1 meter during 1997-2008. For each oak x- and y-coordinates were registered in 
the RT90 2.5 gonV coordinate system together with diameter and hollow stage (HS). The 
hollow stage were classified using a system where the the successional level of development 
of the tree is registered (Jansson 1998). Trees are given a value from 1 to 7, where 4 and 
above describe a hollow tree in some form, 4 being the first successional level of hollow 
development and 7 the last:

HS4: Old tree with a small sized cavity and a small amount of wood mould.
HS5: Old tree with a medium sized cavity and a large amount of wood  

mould.
HS6: Old tree with a large sized cavity and a large amount of wood mould. 

The cavity is continuous throughout the entire trunk of the tree.
HS7: Old tree with a large sized cavity and a small amount of wood mould 

at the ground. The cavity is continuous throughout the entire trunk of 
the tree and the entrance hole is large and reaches the ground.

The database consists in total of 33823 oaks (Q. robur). For simulations, only hollow 
oaks within the Linköping-Åtvidaberg oak district (1486000 < x-coord. < 1517000; 6449000 
< y-coord. < 6477000) were used, resulting in a data set of 3219 trees in a rectangular area of 
31 x 28 km.

3.2 Model species
The model  species  used in this  study is  based on available  data  on the saproxylic  beetle 
Osmoderma eremita, which in Sweden mainly lives in hollow oaks (Q. robur) growing on 
pasture land. The successional decomposition of the trunk by fungi provides the wood mould 
upon which the larvae feed for two years  (Palm 1959, cited in Hedin 2003a) after which 
metamorphosis takes place in the next spring (Tauzin 1994, cited in Hedin 2003a) and the 
adult beetle emerge during July to August (Hedin et al. 2003).  Osmoderma eremita rarely 
migrates. The dispersal rate has been estimated to 15% of the population size and the greatest 
dispersal distance recorded is 190 meters (Ranius & Hedin 2001). It is therefore sensitive to 
habitat fragmentation and destruction. It has been listed in Annex II of the Habitats Directive 
of the European Union since 1992 (Anon 1992). Osmoderma eremita can be used both as an 
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indicator of high species richness of beetles living in hollow trees and as an umbrella species 
to protect many other species sharing its habitat (Ranius 2002c).

3.3 Metapopulation model
Metapopulation dynamics were simulated using the Incidence Function Model (IFM) (Hanski 
1994, Hanski & Gilpin 1997) and implemented in R, version 2.2.0 (R Development Core 
Team 2008).  Osmoderma eremita has been shown to conform to a metapopulation structure 
with  individual  hollow trees  sustaining  local  subpopulations  (Ranius  2000,  Ranius  2001, 
Ranius & Hedin 2001), thus hollow oaks were used as patches in the system.

As a measure of patch quality,  a combination of hollow stage and oak diameter was 
used. The population size of O. eremita is positively correlated to the amount of wood mould 
in a hollow tree (Ranius 1997, Ranius 2000, Hedin & Mellbrand 2003, Ranius et. al. 2008). 
The volume of wood mould per tree was not available in the data set,  however the trunk 
diameter (and age) of a hollow tree is positively correlated to the amount of wood mould 
(Ranius 2008 et al.). Also, by definition, the hollow stage classification system (see section 
3.1) is a measure of the relative amount of wood mould in hollow stage 4-7. This, together 
with a smaller survey of oak diameter, hollow stage and volume wood mould in Östergötland, 
were  used  to  give  each  hollow  stage  a  base  quality  value  which  then  were  increased 
depending on the diameter (area) of the tree. Hollow stage 6 was assumed to have the best 
quality (largest amount of wood mould) and were given the value of 1 followed by HS7 = 
0.85, HS5 = 0.8 and HS4 = 0.55 respectively.  The strength of the increase depending on 
diameter (area) were set to differ between the four hollow stages, where the quality of HS6 
had the greatest increase, followed by HS7 and then HS4 and HS5 with the weakest, equal 
increase.  See  Fig.  1  for  the  spread  of  quality  per  hollow  stage  used  in  metapopulation 
simulations.

Figure 1. Oak qualities per hollow stage used in the model (lower whisker, Q1, median, Q3,  
upper whisker and extreme values). The formulas for quality show the base values set for  
each HS and the increase in quality depending on diameter (area) and the HS of the oak. See 
text for further details.

3.4 The Incidence Function Model (IFM)
The  IFM  is  a  spatially  realistic  simulation  model  (Hanski  &  Gilpin  1997),  where  local 
populations  of  habitat  patches  are  being  either  empty  or  occupied.  A  spatially  realistic 
metapopulation model extends the classical  Levin's model (Levins 1969) by incorporating 
landscape  data  into  the  model.  The  IFM  includes  patch  spatial  location  and  size  when 
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simulating metapopulation dynamics and assumes that the metapopulation is in equilibrium 
(Hanski & Gilpin 1997).

Here, I used patch quality (Q) instead of patch area when calculating patch extinction 
risks  and connectivities  (see above).  Patch quality  corresponds to patch area in the usual 
application of the IFM and will be a measure of the effective habitat area (Hanski 1994) and 
thus affect the expected population size and migration rate of a patch (Moilanen & Hanski 
1998).

The probability of an empty patch i getting colonised is a function of its connectivity (S) to 
other, already occupied patches and the focal species' colonisation ability y:

1 C i=
S i

2

S i
2 y

The extinction risk of a colonised patch i is a function of two species specific constants (e and 
x), the quality Q and the colonisation probability C of the patch:

2 E i=min[ e 1−C i

Qi
x , 1]

The connectivity S of patch i is defined as the sum

3 S i=∑
j≠i

e d ij p jQ j

where Q is the quality of  patch j, p is 1 if patch j is occupied or 0 if its unoccupied, dij is the 
distance between patch i and j and α is the focal species' survival rate of migrants at distance 
dij  1/α is the average dispersal distance (Moilanen & Nieminen 2002).

The so called incidence J of a species in a patch is the probability that the patch is occupied 
and is defined as:

4 J i=
C i

C iE i−C i E i
=1 e y

S i
2Q i

x 
−1

where CiEi represents the strength of the rescue effect (Hanski 1994).

3.5 Parameterisation

3.5.1 The IFM and extinction debt
The  incidence  function  model  assumes  that  the  metapopulation  from  wich  the 
parameterisation is done is at a stochastic steady state (Hanski 1994). This is however not 
always the case following habitat loss and fragmentation, where metapopulations are tracking 
a new equilibrium or even extinction - the population size at the time may be larger than the 
capacity of the landscape and the delay before extinction is termed 'extinction debt' (Tilman 

5



1994, Hanski  & Ovaskainen 2002).  Hedin (2003b) have shown that in two study sites in 
Småland and one in Blekinge,  the occurrence of  O. eremita can not be explained by the 
present stand size of oaks, but only by the amount of old and damaged oaks per village in 
1820-1822 and thus predicts a current extinction debt and a future extinction of O. eremita in 
many stands if new habitat is not restored. The amount of oak area in the study area has 
during the last 300 years been reduced by 73% (Jonsson 2007), however opposite to Hedin 
(2003b), Ranius (2000) has shown a correlation between both the occurrence per tree and the 
occurrence  per  stand  in  relation  to  present  stand size  in  Bjärka  Säby.  This  suggests  big 
differences between areas and stands of oaks and even if  a few core areas have qualities 
enough to not be in an extinction debt, many will go extinct if left unmanaged. 

3.5.2 Model parameter estimation
The species specific parameters e, x and y can be estimated from a snapshot of inventory data 
consisting of a set of patches with their spatial locations and quality,  where occupied and 
unoccupied patches are known, together with the focal species'  constant  α (Hanski 1994). 
Occupancy data was however not available at the scale of individual oaks in the data set, but 
Ranius (2000) shows that the frequency of occurrence per tree is P(stand size = 1-3) = 21%, 
P(4-6) = 27%, P(7-10) = 37%, P(11-32) = 46% and P(97) = 67%, where a stand size was 
defined as the amount of hollow oaks within a distance of up to 250 metres from one hollow 
oak to another. Moreover, the probability of presence per tree is positively correlated to the 
amount of wood mould in the tree (Ranius 1997, Ranius 2000, Hedin & Mellbrand 2003, 
Ranius  et al. 2008) and the amount of wood mould is positively correlated to oak diameter 
and age (Ranius  et al. 2008). In the data set used, the amount of oaks per stand could be 
calculated and the diameter and hollow stage per oak were available. Thus, a snapshot was 
generated by assigning each oak in the data set a probability of being occupied, as a function 
of the size of its stand and the quality (see description of patch quality above) of the oak itself. 
The stand size categories from Ranius (2000) were modified to get a sloped probability curve 
per interval (Fig. 2).

The size of a stand was defined as the amount of hollow oaks within a distance of up to 
250 meter from one hollow oak to another, as in Ranius (2000). The mean dispersal distance 
(1/α) chosen for O. eremita was 250 meters. This is a greater distance than shown in empirical 
studies, where no individual beetle has been recorded dispersing longer than 190 m (Ranius & 
Hedin  2001)  or  180  m  (Hedin  et.  al.  2003).  However  empirical  evidence  suggests  that 
colonisation  in  metapopulations  do  occur  over  greater  distances  than  observed  in  mark-
release-recapture studies (Thomas et al. 1992; Hanski & Kuussaari, 1995). To fit the model 
500 replicates were run and the median values of e, x and y were then used in the simulations.
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Figure 2. The modified curve of probability of occupancy per tree as a function of the number 
of oaks in a stand, based on Ranius (2000). See text for further details.

3.6 Model scenarios and simulation
In this study an approach of adding hollow oaks in the matrix to simulate improvement of its 
quality was used. The entire landscape area was divided into a lattice of equally sized cells, 
where  new  oaks  were  added  at  different  densities  to  one  single  grid  cell  at  a  time  for 
simulation. The added oaks were positioned homogeneously with an equal distance between 
each oak, thus increasing the connectivity evenly throughout the cell. Each added oak was 
assigned a diameter and a hollow stage based on data in the oak data set, where the diameter 
was drawn from a normal distribution (N(85.2; 36.3), where diameters ≤ 0 were discarded) 
and the probabilities for hollow stage were given by P(HS4) = 0.51, P(HS5) = 0.25, P(HS6) = 
0.17 and P(HS7) = 0.07.

To  be  able  to  compare  the  results  of  introducing  new  oak  networks  at  different 
locations, sizes and with varying densities, a number of scenarios were set up. To vary the 
size of the lattice, the study area was divided into 16, 64, 256 and 1024 equally sized cells. 
The distance between added oaks used were 60, 71, 83, 100, 125, 166, 187, 219, 250, 312, 
375, 500, 750, 1000, 1250 and 2500 metres (see Table 1 for the size of cells and number of 
oaks per hectare as a function of distance). The distance of 60 meters between added oaks (2.8 
per  hectare) was  used  as  a  measure  of  the  optimal  number  of  hollow  oaks  per  hectare, 
estimated  as  a  long  term  maximum  density  if  regrowth  also  is  taken  into  consideration 
(Bergman 2003). To the average dispersal distance used for parameterisation (250 metres), 
one smaller (100 metres) and one greater (800 metres) were included to be able to compare 
different length of dispersal, which hereafter will be referred to as low-, medium- and high 
dispersal ability. Furthermore, to be able to compare results of an equal amount of area used 
but with varying cell size, four scenarios per dispersal ability were constructed consisting of 
the cells with the highest contribution to total occupancy per cell size – the best cell for a 
lattice of 16 cells, four best cells for 64, 16 best cells for 256 and 64 best cells for 1024. 
Totally, this resulted in 180 scenarios.

Scenario simulations were started with every oak occupied, including the added oaks, 
and then run  for  100 time steps  to  allow the  model  reach a  steady state.  50  number  of 
replicates were run per scenario. In every scenario, the network of new oaks was added to one 
cell at a time. The occupancy for the entire data set at the end of simulation for each scenario 
was recorded as the proportion of occupied real oaks compared to the total number of real 
oaks (oaks added in the matrix excluded).
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Table  1.  Scenario  cell  sizes,  distance  between  added  oaks  (densities)  and  the  average 
dispersal distances used in simulations.

4 Results

4.1 Model species parameters
The parameters in the incidence function model for the model species were fitted from 500 
snapshot  replicates,  where individual  oaks  were designated a  probability  of  occupancy as 
described in section 3.5.2, using α = 1/250. 

The model parameters e, x and y were estimated to 0.32, 1.90 and 137.30 respectively 
(Fig. 3). The parameter  x is a measure of the strength of dependence of extinction risk as a 
function of patch quality and reflects the severity of environmental stochasticity, and  x  > 1 
means that there is a range of patch qualities that have a very low extinction risk (Hanski 
1994). Parameter e is the overall extinction risk and y is negatively related to the colonisation 
ability of the focal species (Hanski 1994). 

Figure  3.  Parameterisation  results  (lower  whisker,  Q1,  median,  Q3,  upper  whisker  and  
extreme values) for 500 replicates, using α = 1/250 as the average dispersal distance when  
fitting the model.

4.2 Base occupancy of the landscape
The occupancy of the model species in the landscape was calculated for the three average 
dispersal  distances,  when no new oaks were added to the matrix  (Fig.  4).  For the lowest 
dispersal  ability,  only  three  areas  will  be  occupied  at  equilibrium with  a  total  landscape 
occupancy of 13.9% of the oaks. These are areas previously owned by the nobility, at the 
manor  of  Bjärka  Säby and Sturefors,  and also  Orräng,  south-west  of  Grebo.  At  medium 
dispersal, the three locations mentioned above will have a greater amount of occupied oaks 
throughout a larger area. Moreover, another three localities will persist at old nobility owned 
land south of Brokind and south-west of Åtvidaberg, and at the northern part of the nature 
reserve  of  Tinnerö,  resulting  in  a  total  occupancy  of  36.5%.  When  the  highest  average 
dispersal ability was used, 81.4% of all oaks were occupied, which only left isolated clusters 
of oaks and oaks of low quality unoccupied.
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Figure 4. Total oak occupancy for the entire landscape, without any oaks added between  
existing oaks. Average dispersal distance used was 100 (red), 250 (green) and 800 (orange)  
metres respectively. Black dots are unoccupied oaks, no matter dispersal ability. See the text  
for further details about the location of the areas with occupied oaks.

4.3 Occupancy differences when adding oaks to the matrix
New  oaks  added  to  the  matrix  were  not  included  when  the  resulting  increase  in  total 
occupancy was calculated for the real oaks in the landscape. This was done to be able to 
compare differences in increase in occupancy between scenarios, no matter the size of the 
lattice or density of added oaks

As expected, greater density (shorter distance) and larger cell size (area) of added oaks 
gave a higher increase in total occupancy for the original oaks, for all dispersal distances (Fig 
5-8). It is also evident that the median increase in total occupancy starts to accelerate when the 
distance between introduced oaks is getting close to the average dispersal distance. This is 
even clearer when considering the cells with the highest effect on the total occupancy. 

When looking at  differences between the three cases of dispersal,  the low dispersal 
scenarios have the smallest difference in increase between cell sizes, both for median values 
and top cells.  Also,  the difference in increase of number of top cells is  the smallest.  For 
medium- and high dispersal, the difference in median increase and top cells between cell sizes 
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is about the same, but medium dispersal have a larger absolute increase for top cells and high 
dispersal have a greater increase in amount of top cells.
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Figures 5-8.  Increase in total occupancy (%) as a function of distance between added oaks  
for a lattice of 16, 64, 256 and 1024 cells (16 cells being the largest cell area and 1024 the  
smallest), and an average dispersal length of 100, 250 or 800 metres. Median values and  
20% of the best individual cells , 95% confidence intervals. Only cells actually contributing  
to an increase in total occupancy (having an increase > 0%) are included and their amount  
are displayed at the top of each graph.
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4.4 Example scenario - varying cell area
There are clear differences in the landscape regarding the location and size of individual cells 
when  looking  at  their  contribution  to  increase  in  total  occupancy  for  the  three  average 
dispersal distances used (Fig 9-11). Cells increasing the total occupancy are positioned near or 
at areas where base occupancy is high but not 100% already (see Fig. 4), and better dispersal 
ability will allow occupancy increases farther away from these zones. This gets more obvious 
when decreasing the cell size, as the actual position of the increase will be more exact. For 
low dispersal, only very small (<1%) increases in occupancy can only be seen at, or very 
close to, the base occupancy sites at Bjärka Säby, the manor of Sturefors and Orräng. At 
medium dispersal, the biggest increases in occupancy are located in the middle and south part 
of the nature reserve of Tinnerö. Moreover, new occupancies can also be seen west and north-
west of Sturefors, south of Bjärka Säby, west of Brokind and near Åtvidaberg. When looking 
at high dispersal, increases in occupancy occurs more or less all over the landscape, with the 
highest concentration where base occupancies are  low. The most notable increase here is 
north-west of Brokind.

For all but the lowest dispersal distance, decreasing cell size reduces the increase in 
total occupancy per cell, as also seen in Fig. 5-8 above. However, if adding an equal amount 
of area using several smaller cells compared to one larger, the increase in total occupancy is 
not necessarily lower. For instance, the four best cells using a lattice with 256 cells, results in 
an approximate increase in total occupancy of 22%, compared to an 15.1% increase using the 
best cell for a lattice with 16 cells, but with ¼ the amount of area used. 

Having a better dispersal ability results in a greater number of cells contributing to the 
increase in total occupancy, for all cell sizes but the largest.
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Figure 9. Mean increase in total occupancy (%) per cell illustrated by ten different colours,  
where red is the greatest increase and white is no increase. Number of cells in lattice and  
greatest increases are a) 16 & 0.8%, b) 64 & 1.0%, c) 256 & 0.8% and d) 1024 & 0.6%. Low 
dispersal (α = 1/100), distance between introduced oaks is 100 metres.
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Figure 10. Mean increase in total occupancy (%) per cell illustrated by ten different colours,  
where red is the greatest increase and white is no increase.  Number of cells in lattice and 
greatest increases are a) 16 & 15.1%, b) 64 & 8.1%, c) 256 & 6.7% and d) 1024 & 3.6%.  
Medium dispersal (α = 1/250), distance between introduced oaks is 100 metres.
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Figure 11. Mean increase in total occupancy (%) per cell illustrated by ten different colours,  
where red is the greatest increase and white is no increase.  Number of cells in lattice and 
greatest increases are a) 16 & 5.1%, b) 64 & 3.4%, c) 256 & 2.6% and d) 1024 & 1.6%.  
High dispersal (α = 1/800), distance between introduced oaks is 100 metres.
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4.5 Example scenario - varying distance
There  are  also  clear  differences  in  the  effect  of  increasing  occupancy probabilities  when 
adding oaks at different densities and at different positions in the landscape (Fig 12-14), when 
keeping the cell size constant at 256 cells in the lattice. 

As in the scenarios where cell sizes were varied, the general increase in occupancy can 
be seen in cells  located close to or at  cells  where oaks in the  real  data set  are  occupied 
(compare with Fig. 4). Shorter distance (greater density) results both in higher contribution to 
the total occupancy per cell (see also Fig. 5-8) and a greater spread of occupancies throughout 
the  landscape.  The  biggest  difference  in  the  number  of  cells  giving  an  increase  to  total 
occupancy when changing the distance from 250 to 71, is seen for medium dispersal ability.

By  looking  at  the  increases  in  occupancy  in  order  of  decreasing  distance  between 
introduced  oaks  (250,  125,  100  &  71),  a  pattern  of  cells  starting  to  increase  the  total 
occupancy can be identified. For low dispersal and distance 250, only one cell north-west of 
the manor of Sturefors will have a higher occupancy, but at distance 125, 100, and 71, cells at 
Bjärka Säby and Orräng will also start contributing to the increase. For medium dispersal, 
cells starting to increase the occupancy at distance 250 are the ones located at the northern 
part of Tinnerö, Bjärka Säby, the manor of Sturefors and Åtvidaberg. Decreasing the distance 
to  71  will  gradually  start  to  get  higher  occupancies  in  cells  around  and  between  these 
localities, with for instance most of Tinnerö and areas west of Sturefors at distance 125, west 
of Brokind at distance 100 and a continuous spread of higher occupancies for the most part of 
the  landscape at  distance  71.  For  high dispersal  and distance  250,  cells  with  the  highest 
increase  can  predominantly  be  seen  north-west  of  Brokind  and  at  the  edges  of  the  base 
occupancy  area.  From  distance  125  and  lower,  only  very  isolated  oaks  are  not  getting 
occupied. 
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Figure 12. Mean increase in total occupancy (%) per cell illustrated by ten different colours,  
where red is the greatest increase and white is no increase. Distance between introduced  
oaks and greatest increases are a) 71 & 3.0%, b) 100 & 0.8%, c) 125 & 0.6% and d) 250 &  
0.2%. Low dispersal (α = 1/100).
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Figure 13. Mean increase in total occupancy (%) per cell illustrated by ten different colours,  
where red is the greatest increase and white is no increase.  Distance between introduced 
oaks and greatest increases are a) 71 & 8.0%, b) 100 & 6.7%, c) 125 & 5.4% and d) 250 &  
0.8%. Medium dispersal (α = 1/250).
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Figure 14. Mean increase in total occupancy (%) per cell illustrated by ten different colours,  
where red is the greatest increase and white is no increase.  Distance between introduced 
oaks and greatest increases are a) 71 & 3.2%, b) 100 & 2.6%, c) 125 & 2.4% and d) 250 &  
1.1%. High dispersal (α = 1/800).

4.6 Example scenario - adding an equal area of oaks
There were large differences in the increase in total occupancy when adding an equal area of 
oaks, depending on if the area were split into several small areas or fewer large areas (Fig. 
15). The increase in total occupancy follows the same pattern for medium and high dispersal, 
with the highest increase using a lattice with 256 cells. Low dispersal had its highest increase 
using a lattice with 1024 cells. The largest differences were at medium dispersal, between 
adding the best cell for a lattice with 16 cells with an increase of 5% and adding the 16 best 
cells for a lattice of 256 cells with an increase of 20%. For low dispersal the increases were 
very small and no trend in differences was found. 
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Figure 15. Increase in total occupancy (%) when adding an equal area of oaks, using a 
distance of 125 metres between added oaks, for low-, medium- and high dispersal. To add an 
equal area, 1, 4, 16 and 64 of the best cells from a lattice with 16, 64, 256 and 1024 cells  
respectively was used.

4.7 Number of oaks per cell – cell quality
For unoccupied cells with oaks, a greater number of oaks in the cell will generally result in a 
higher proportional increase of cells going from unoccupied to occupied, when new oaks are 
added of different densities (Fig. 16).  For  low dispersal, there was only one occupation of 
empty cells. At medium dispersal, all cells will have an increase for distance 71 and 100, 
when the number of oaks is greater than 21 distance 125 starts to give an effect and at 61 oaks 
or more also distance 187 will get cells occupied. Using distance 250, no increases can be 
seen. Finally, in the scenario with high dispersal, all densities will get cells with 1-20 oaks 
occupied. Here, all cells with more than 20 oaks had occupancy above 0%, without any added 
oaks.

Figure 16. Proportion of cells with oaks increasing from 0% occupancy to >0% occupancy  
when oaks with distance 71, 100 or 250 metres between added oaks are introduced. A lattice  
with 256 cell is used, for low- medium and high dispersal, from left to right. Only cells having  
oaks are included. 

20



5 Discussion
In this study, a method of adding new oaks to the existing landscape were used as a way of 
increasing the  quality  of  the  matrix,  i.e.  the  area  of  unsuitable  habitat  between habitable 
patches (oaks). As these new patches were introduced to the matrix in a homogeneous grid, an 
equally smooth raise in connectivity of the system could be simulated, which then could be 
translated  into  for  instance  the  number  of  oaks  that  need  to  be  planted  in  an  area  of 
conservation interest to ensure future metapopulation persistence or increase. Moreover, the 
oaks were introduced at different scales in the landscape, from a few large areas to many 
small. The results show that there are clear differences in metapopulation persistence when 
introducing oak areas of different size and density in the matrix. Further, the results show that 
the area and density needed to increase the total occupancy of the landscape as well as the 
actual spatial location of these areas depend on the dispersal ability of the focal species.

5.1 Accuracy of the model
The match of the model base occupancies and top ranked areas suggests a good fit between 
predicted and real occupancies for a model species with low or medium dispersal. The model 
estimations at equilibrium, without any added oaks to the matrix, results in stands of occupied 
oaks at three sites for a model species with a low dispersal ability and two more for a model 
species with medium dispersal (see Fig. 4). These are known localities for O. eremita (County 
Board of Administration in Östergötland 2006a) and are among the top sites in a list of the 74 
most  valuable  localities  with  hollow oaks  for  saproxylic  beetles  in  Östergötland  (County 
Board of Administration in Östergötland 2006b). Bjärka Säby is ranked as number 1, the 
northern part of the Nature reserve of Tinnerö as number 2, Brokind as number 4, Orräng as 
number 8 and the Nature reserve of Sturefors as number 10 in the list of sites, excluding sites 
outside the study area. The area south-west of Åtvidaberg (stands near the manor of Adelsnäs) 
is not in the ranked list because it was not surveyed, but it is mentioned as an area of very 
high importance. 

When the model in this study was parameterised, the probability of the occupancy of 
oaks in the snapshots generated were based on the chance of occurrence per tree as a function 
of stand size from Ranius (2000) (see Fig. 4), but still, it is hard to say if these stands are in 
equilibrium.  This  means  that  the  parameterised  colonisation  ability  may  be  somewhat 
overestimated, the extinction risk underestimated and the results are “best case scenarios”, 
however the good fit of the predicted model occupancies to known localities suggests accurate 
results. 

5.2 Model occupancies with added oaks in the matrix
Generally there were an increase in occupancy with increasing area of added oaks in the 
matrix or increasing number of oaks added per area (density) (Fig. 5-8 and examples in Fig. 
9-14). This were expected results as a greater number of patches in a metapopulation will 
increase the connectivity of patches and thus the chance of a patch getting recolonised, as 
long as the dispersal ability of the focal species is good enough to take advantage of the new 
patches (Thomas et al. 1992, Fahrig & Merriam 1994, Hanski 1997, Hanski 1999). Varying 
the density of added oaks showed the importance of the average dispersal distance of the focal 
species – the increase was mainly not noticeable until the distance between the added oaks 
was well below the average dispersal distance.

5.2.1 Importance of area and distance between added oaks
What  area  and distance between added oaks is  the most  effective to use  in  conservation 
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management when aiming at increasing the total occupancy as much as possible? Looking at 
differences in increase in total occupancy depending on cell size (area), it is interesting to 
notice that there is no linear increase in occupancy with increasing area (Fig. 5-8, Fig. 10). 
Reducing the  cell  area  often  showed that  parts  of  a  larger  cell  did  not  contribute  to  the 
increase  in  occupancy  at  all,  while  other  parts  were  very  important.  On  the  other  hand, 
reducing cell size will at some point result in a too small raise in connectivity to have any 
effect on occupancy at all. To compare the amount of increase in total occupancy per area of 
added oaks for different cell sizes, four extra scenarios for each dispersal ability were set up 
(see section 3.6). The cells increasing the total occupancy the most for each cell size was 
selected and to add an equal area, one cell of a lattice with 16 cells, four cells of a lattice with 
64 cells, 16 cells of a lattice with 256 cells and 64 cells of a lattice with 1024 cells were 
simulated. The results (Fig. 14) showed that for medium and high dispersal, the total increase 
will go up when cell size is decreased from a lattice of 16 to 64 and to 256 cells, and then for 
the a lattice with 1024 cells (smallest cell size) go back down again. A smaller cell size is thus 
more effective, but it should not be too small. Smaller cells will have less parts without oaks 
and will match the actual landscape in a more accurate way, still too small cells will not be 
able  to  connect  for  instance  areas  that  on  their  own  will  not  persist,  but  with  possible 
immigration from areas with greater capacity will be able to stay occupied. Thus, there seem 
to exist an optimal effective area, which in these scenarios is a lattice of 256 cells which 
corresponds to 3.4 km2 for both medium and high dispersal. For low dispersal, no trend was 
found.

This, together with the result of higher increase in occupancy with greater number of 
added oaks per area (shorter distance between added oaks), suggests that efforts to improve 
the quality of the matrix by adding new oaks should generally be concentrated at specific 
locations in the landscape at high density rather than to a larger area, if resources for nature 
conservation  are  limited.  Further,  the  most  effective  cell  size  for  both  medium and  high 
dispersal  is  3.4  km2.  This  can  be  compared  to  for  instance  a  cost-benefit  analysis  of 
conservation management scenarios in Finnish boreal forests, where the highest occupation of 
forest patches of a model species were obtained for the scenario with concentrated efforts to 
improve forest quality compared to spreading the same total effort throughout a larger area 
(Hanski 2000b), or to Ranius & Kindvall (2006) where the extinction risk for a model species 
inhabiting  dead  wood  was  smaller  when  preserving  dead  wood  by  protecting  reserves 
compared to over the entire landscape. 

5.2.2 Optimal spatial location of added oaks and effects of dispersal ability
Where should management efforts be concentrated in the study area? The increase of cell 
occupancy with reduced distance between added oaks (Fig. 12-14) is a good measure of the 
effort  needed  to  raise  the  occupancy  of  a  cell  and  can  be  of  help  in  choosing  relevant 
restoration areas with expected high conservation exchange. For instance, when looking at a 
lattice with 256 cells and medium dispersal, cells at the Nature reserve of Sturefors is among 
the first cells to increase their occupancy at distance 250 (Fig. 13d) and these cells therefore 
require the least amount of effort to gain an increase in metapopulation capacity. Other cells, 
for example at the southern part of Tinnerö, starts to respond at shorter distances (Fig. 13a-c) 
but with greater increases in occupancy. So, the increase in occupancy per cell as a function 
of distance between added oaks differs between cells and should be taken into account when 
doing conservation planning. However, species perceives fragmented landscapes differently 
depending on dispersal ability. Specialist species with poor dispersal (such as O. eremita) are 
more vulnerable to fragmentation than species with better dispersal (Warren et al. 2001). In 
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the  study  area,  the  scenarios  simulating  a  low  dispersal  showed  a  very  poor  ability  of 
colonising  the  landscape.  Only  cells  adjacent  to  cells  occupied  without  any  added  oaks 
managed to increase their occupancy and were located at Bjärka Säby, Orräng and Sturefors 
(Fig.  12).  In  scenarios  with  medium dispersal  cells  further  away from base  occupancies 
managed to get occupied and the highest increase in total occupancy is gained from cells 
located at Tinnerö. For a species with a good dispersal ability, the current fragmentation of the 
study area do not pose a large problem for metapopulation persistence, even without adding 
hollow oaks to the matrix (Fig. 4) and adding more oaks will not give a large increases in 
occupancy because of the already high occupancy of the entire landscape. Still, increases are 
seen and the largest are at cells north-west of Brokind. Thus, if biodiversity is to be protected, 
conservation management efforts should consider the different scales at which species with 
varying  dispersal  abilities  perceive  the  landscape  as  well.  The results  in  this  study show 
clearly the higher demand of distance between added oaks for low- and medium dispersers.

5.3 How much is needed to get unoccupied areas occupied?
To ensure metapopulation persistence in the long run it is also important to increase the total 
distribution area of occupied oaks in the entire landscape. There is a clear tendency of less 
effort required to get unoccupied cells with a greater amount of oaks occupied, compared to 
cells with a smaller amount of oaks. This is expected, since increasing connectivity decreases 
the extinction risk (Hanski & Gilpin 1997). In the landscape studied in this work, a survey of 
the number of oaks for a certain cell is enough to rank areas of management interest, even 
though this will not consider specific oak connectivities and any migration between cells. The 
three average dispersal distances used showed different results. The low dispersal scenarios 
seem to be a  too low dispersal  ability  to  raise  the  connectivity  enough to get  above the 
persistence threshold when oaks are added, even for the scenario with the shortest distance 
between added oaks, which in this case is the only one below the average dispersal distance. 
For high dispersal, the base occupancy was very high (89%), which left no cells with more 
than 20 oaks unoccupied. In cells with 1-20 oaks, from distance 125 and down all cells will 
become occupied, even though most of these cells are very isolated and with few oaks. At 
medium dispersal, the responses were more interesting. Distance 250 will never be enough to 
get empty cells colonised and distance 187 will only get one out of three cells with more than 
61 oaks occupied. Distance 125 will start to get cells having more than 21 oaks occupied and 
distance 71 is at this level of dispersal good enough to colonise all empty cells.

Jansson et al. (2008) have developed a method for predicting the conservation value of 
patches of oaks with sets of indicator species based on the presence of conservation priority 
species and species number associated with old oaks and discusses the possibility and use of 
having less costly and easier methods for habitat quality surveys (Jansson  et al. 2008 and 
references  therein).  Moreover,  Hanski’s  (2000a)  theoretical  approach  of  calculating  the 
metapopulation capacity of a landscape is another elaborate method to rank metapopulations. 
My  results  suggests  that  the  potential  of  increasing  the  occupancy  of  a  landscape  for 
saproxylic species with similar habitat demands as O. eremita can to some extent be measured 
by the amount of hollow oaks in a lattice of cells, depending on the management effort used, 
with the use of a very quick and inexpensive method. On the other hand, deciding chance of 
occurrence by counting the number of oaks in a stand and approximate species richness by 
measuring for instance diameter (Ranius 2002a) and use that as a conservation ranking might 
be  as  easy,  but  here  stands  of  oaks  somehow  need  to  be  defined.  From a  conservation 
management point of view, it could be easier to apply a lattice to a map and count the number 
of oaks per cell.
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In this study, occupancies were calculated by defining all oaks as occupied and then 
letting the system reach a steady state. Hence, adding oaks to a cell not does automatically 
imply occupation, even if the above criteria are met. Some possibility of colonisation must be 
available, natural or anthropogenic.

5.4 Implications for nature conservation
If the aim is to increase the total occupancy of the study area as much and as effectively as 
possible, all of the aspects investigated in this study must be taken into account. A larger area 
of added oaks results in a higher occupancy increase, but often not the highest increase per 
effort. Shorter distance between added oaks (greater density) gives a higher increase, but at a 
higher  cost  as  well.  The  spatial  location  of  the  management  efforts  is  of  course  very 
important; an area with many unoccupied, hollow oaks of good quality near the extinction 
threshold that can be pushed above it by the addition of new oaks is ideal. Moreover, it should 
be close to an already occupied area to allow colonisation and the distance between oaks can 
not be too large. These are areas which most likely have been occupied in the past, but due to 
habitat loss, degradation and fragmentation have gone locally extinct. Both theory (Fahrig & 
Merriam  1994,  Hanski  1997,  Hanski  2000a,  Hanski  &  Ovaskainen  2002)  and  empirical 
studies  (Ranius  & Jansson  2000,  Ranius  2000a,  Ranius  2001,  Hedin  & Mellbrand  2003, 
County Board of Administration in Östergötland 2006b) supports these results.

In Figure 17 (see also Fig. 4), base occupancies and the four cells increasing the total 
occupancy in the most effective way are presented for low, medium and high dispersal ability 
when a distance of 71 metres between added oaks is  used, which equals an addition of two 
hollow oaks per hectare. Depending on dispersal ability, all these locations are good areas for 
increasing the quality of the matrix by adding new oaks and they are all at or near areas wich 
have been identified as valuable localities for saproxylic beetles living in hollow oaks (County 
board of Östergötland 2006b).
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Figure 17. The four cells per dispersal ability of the most effective cell size with the highest  
increase of total occupancy, for a distance of 71 metres between added oaks. Colored oaks  
represent base occupancies; Red – low dispersal, green – medium dispersal & orange – high 
dispersal. Dark grey dots are unoccupied oaks. See text for further details.

5.5 Future directions
The model can be improved in a number of ways. First and foremost, the model does not take 
habitat quality change over time into account. As oaks age, the successional degradation of 
the trunk will increase the amount of wood mould and at an age of 3-400 years there is a peak 
in the population size of for instance O. eremita, after which the oak eventually will die and 
the habitat  is  gone  (Hedin & Mellbrand 2003,  Ranius  2007,  Ranius  et  al.  2008).  Ranius 
(2007) and references therein discusses the possibility of  O. eremita having features of a 
habitat-tracking  metapopulation,  where  colonisations  and  extinctions  occur  mainly 
deterministically  because  of  the  successional  habitat  change mentioned  above.  Moreover, 
studies  show that  including  habitat  quality  change can increase  the extinction  risk of  the 
metapopulation  (Bergman  & Kindvall  2004,  Ranius  2007).  Implementing  these  dynamics 
would add a further level of realism to the model.

Adding more detailed geographical information about the matrix, which would affect 
migration between patches, is another feature that could enhance the model. An example is to 
add a value of friction between pairs of patches that would be based on the characteristics of 
the landscape in between, such as arable fields, urban areas, lakes or boreal forest. Species 
respond differently to matrix heterogeneity and dispersal success is affected by matrix quality 
and change (Gustafsson & Gardner 1996, Vandermeer & Carvajal 2001). However adding 
such  functionality  would  include  further  parameterisation  of  the  focal  species  migration 
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behaviour  and  survival  (Moilanen  &  Hanski  1998,  Bender  &  Fahrig  2005)  and  do  not 
necessarily produce more accurate results (Moilanen & Hanski 1998).

When oaks are added to the matrix to increase its quality (see section 3.6) this is done 
once and then replicates for a certain scenario are run with the same set up of added oaks. 
This was done to minimise the time needed per simulation, since calculating the effective 
distances between all oaks in the system (especially in the scenarios with a large area and high 
density) are quite time consuming (the number of distances needed to be calculated grows 
quadratically with the number of oaks). The effect of using the same set up of added oaks is 
something that should be investigated if the model is to be used in the future.
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