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Background 

Previous work on beaver reintroduction models and population viability analysis (Rushton et 
al. (2000); South et al., 2000) had predicted that there was a good chance that the (then) 
proposed reintroduction of beaver at Knapdale would lead to an established population. 
Beavers were first introduced to the site in 2009 (Harrington, 2011), and a five year period of 
post-release monitoring has now been completed. In addition to this scientific trial, a second 
population of wild beavers has become established, in Tayside. This population, believed to 
have originated as escapees or illegal releases some years before coming to the attention of 
SNH in 2006, is now considered  to comprise approximately 40 families on the Tay, Earn, 
Isla, Ericht, Dean Water, Baikie Burn, and Lunan Burn (Campbell et al., 2012a). In 2012 the 
Scottish Government took the decision to monitor the Tayside population until early 2015. 
 
This study was commissioned to re-examine the beaver population modelling and update 
the 2000 model on the basis of better habitat maps and six years of observing the beaver 
population at Knapdale. The model has also been applied to the larger Tayside catchment to 
predict future trends in that population. 
 
Main findings 

 A spatially-explicit, process-based model was written in the R programming language, 
based on the model of South et al. (2000). The model used life history parameters taken 
from the scientific literature, and spatial references from a new database of potential 
beaver habitat in mainland Scotland (Stringer et al., 2015). 

 The model was validated against data from the Scottish Beaver Trial at Knapdale. The 
population growth observed at Knapdale fell within the variation in output produced by the 
model. Four out of the twenty replicate model runs had populations that were similar to 
the numbers at Knapdale, and the mortality and fecundity of beavers in these model runs 
were comparable with data recovered from the Knapdale population. Of these four 
replicates, all eventually expanded into a healthy population of beavers.  The model is 
therefore capable of producing output within a range that includes the population growth 
observed at Knapdale without needing to provide life history variables that are specific to 
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this site; that is, the observed poor performance in the scientific trial is within the 
stochastic variation of the model. 

 The model was used to predict the impact of reinforcement of the population at Knapdale 
with further releases. These were predicted to assure the survival and growth of the 
population at Knapdale, increasing the predicted population size after 30 years by 70% of 
the population without reinforcement. 

 Reinforcement reduced the likelihood of extinction (one of the twenty replicates without 
reinforcement had gone extinct in year 18, none of the replicates with reinforcement went 
extinct), resulted in a larger predicted beaver population after 30 years (increasing it by 
70% of the population without reinforcement) and beavers becoming established in a 
slightly wider area.  

 The model was used to predict the future growth of the population of beavers in the 
Tayside region. Estimated at having approximately 150 beavers in 2012, the model 
predicts that the population will steadily grow by about 20 beavers per year, and expand 
into 2 km of territory per year. 

 The rate of beaver expansion in the model was comparable to 22 reintroduced 
populations in Europe. 
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1. REVIEW OF BEAVER REINTRODUCTION MODELS 

The Eurasian beaver, Castor fiber has been reintroduced to at least 22 countries across 
Europe (Halley & Rosell, 2003), through a series of both planned and unplanned releases. 
IUCN guidelines (2013) state that modelling of project feasibility should be used for any 
planned reintroductions however relatively few feasibility models exist (Seddon et al., 2007). 
The value of population viability modelling as a planning tool is also referred to in the Best 
Practice Guidelines for Conservation Translocations in Scotland (National Species 
Reintroduction Forum, 2014). Where modelling has been undertaken it has commonly been 
at the population level using generic population viability models, although customised 
simulation approaches have been used in the Netherlands (Nolet & Baveco, 1996) and 
integrated spatial individual based models in the UK (South et al., 2000; South et al., 2001).  
 
Reintroduction models differ from those of established populations (e.g. harvest models 
Runge, 1999) and optimal management (Padhi & Balakrishnan, 2006) as there is an 
increased focus on the role of spatial population processes, such as dispersal. The 
modelling process aims to predict how the introduced populations may persist in a 
reintroduction programme. As reintroduced numbers of individuals are often limited for 
practical reasons, the emphasis of the models is not only to determine population viability at 
the introduction site but also to explore the dispersal and colonisation of new areas. 
Modelling approaches can determine if supplementation of colonies would aid in the 
population viability. In addition to evaluating population persistence models have also been 
used to predict spatial spread from the reintroduction site for habitat management purposes, 
to determine where habitat modification is likely to occur. Modelling assessments of 
reintroductions can consider either for a single random mixing population, isolated 
populations or a relatively small number of linked populations. GIS tools have been used to 
account for the spatial aspects of habitat suitability for reintroduction and subsequent 
colonisation through selecting suitable habitat features based on a rule base.  
 
1.1 Modelling approaches 

1.1.1 Population viability assessments (PVA) 

Population Viability Models, using generic software such as VORTEX or RAMAS (to 
determine founder populations sizes), are the most commonly used tools for predicting the 
dynamics of reintroduced populations. The population viability is modelled based on life 
history characteristics of a structured (e.g. age or stage- structured) population and 
assessed on a stepwise increment (usually a year). The models account for variability in the 
environment, such as mortality and reproduction rates, and can incorporate density 
dependence as a regulatory mechanism. Population viability assessments are generally 
more robust for long term predictions rather than short term survival. These models are 
stochastic, so a large number of simulations are performed and the results presented as a 
distribution (or probability of occurrence).  The models can take space into account, but not 
to the same extent that an individual-based model can. Another problem with this approach 
is the lack of customisation, which can lead to oversimplification of the modelling structure. 
For example, social structuring, as exists in beaver populations, is not possible with 
VORTEX.  
 
Population viability assessments of the long term population in Sweden indicated that 
reintroduced populations needed protection until the population is established (Hartman, 
1994), again emphasising the initial reintroduction phase is critical to achieve a viable 
population. 
 
Rushton (2002) performed a PVA using VORTEX to assess the likely success of the 
reintroduction of beavers in Knapdale. Under all three scenarios of low, medium, and high 
population parameters, the population was predicted to persist. The low parameter set (low 
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fecundity, low probability of breeding, and high annual mortalities) predicted that the 
population would reach an average size of 14 beavers in five years, whereas the high 
parameter set (high fecundity, high probability of breeding, and low annual mortality rates) 
predicted a population size of 48 animals after five years. This VORTEX analysis was 
repeated at the end of the Knapdale trial (Harrington et al., 2015) with updated parameter 
values based on those recovered from the trial and with the actual number of released 
individuals, which suggested that even the low parameter set over-predicted actual 
population sizes. Harrington et al. (2015) also conducted further VORTEX runs including 
population reinforcement, which predicted that sustained population growth observed in the 
model output would only continue while population reinforcement persisted, and that once 
further releases stopped, the population would begin to decline if population parameters 
remain unchanged from those observed in the scientific trial. 

1.1.2 Habitat suitability models 

Mammals that use space in a predictable manner, where there is an interaction between 
resource availability and their life history characteristics, can be modelled in relation to their 
potential habitat use (Macdonald & Rushton, 2003). Beavers spatial distribution can be 
predicted based on resource use as they are reliant on using river corridors with adjacent 
woodland, these features can be used to describe suitable home ranges and dispersal 
habitat for individuals to utilise. Habitat suitability or selection models where potential beaver 
habitat is highlighted based on landscape features that match the known biology of the 
species have been numerous but these have rarely been specifically integrated with 
population dynamics. Habitat selection or suitability models have been applied to the 
management of populations in Austria (Maringer & Slotta-Bachmayr, 2006), Norway (Pinto et 
al., 2009) and the Czech Republic (František et al., 2010). The population viability of a 
reintroduced population in the River Vistula in Poland was assessed using a LARCH model 
(Landscape Ecological Analysis and Rules for the Configuration of Habitat, Bruinderink et 
al., 2003; Chardon et al., 2000; Verboom et al., 2001). Here the viable population is 
assessed by using the carrying capacity, home range and dispersal parameters of 
individuals in relation to available habitats (Romanowski et al., 2008). 
 
Barták et al. (2013) represented river networks as weighted graphs in order to analyse 
spatial spread in beaver populations. Their approach accounted for the fact that beaver 
populations do not expand in a one-dimensional manner (because river networks are 
branched), but nor do they spread in a two-dimensional manner (because they do not utilise 
non-riparian habitat). Use of networks accounts for this fractional dimensional mode of 
spreading, and results in higher rates of population growth measured in this manner than by 
classical means. They found that population densities remain constant over time and that 
beaver populations expand through space-filling. 

1.1.3 Simulation models 
Models explicitly simulating the changes in populations can either be deterministic or 
stochastic. A deterministic model relying on difference equations (Petrosyan et al., 2013) 
predicted a dynamic balance between population size and environmental conditions leading 
to a saw-toothed form of population growth with a period increasing with time from 14 to 26 
years. Beaver populations grew for the first six years of this cycle and then declined for the 
rest of the period as the resource degraded and recovered. 
 
Spatially-explicit individual-based models have been used to couple the population dynamics 
of introduced populations and dispersal with spatial distribution and habitat data. This 
approach was carried out prior to the Knapdale introduction using a customised model (C 
integrated with GRASS for GIS) (Rushton et al., 2000; Rushton, 2002; South et al., 2000). 
The same modelling approach was later applied to Norfolk to assess the likely fate of a 
potential reintroduction (South et al., 2001). The benefit of this framework is that the family 
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unit can be characterised and the dispersal phase can be explicit, which is not easy to 
account for in generic PVA modelling packages. Individual-based models use life history 
parameters to which model sensitivity can be determined. The framework for the customised 
model development is outlined in Figure 1 and consists of a habitat template,  population 
process and an annual time step (South et al., 2000).  
 
A disadvantage of the individual-based modelling approach is that they require a larger 
volume of data and often parameters are not known or are ill-defined (have a large 
uncertainty). Model parameters are based on known beaver biology and derived values from 
the literature, which are often from another population and in some cases generalised across 
species. Kit mortality in particular has a high uncertainty due to limited data from 
observational studies. Kit mortality may be particularly variable in reintroductions and there is 
a risk of incorporating circularity into the models whereby recovered values of kit mortality 
are used to predict population dynamics.  
 

 

Figure 1: The work flow of the individual-based model of South et al. (2000) 

 
The individual-based model interacts with the GIS data through the process of individuals 
dispersing, which is done through a grid based classification. South et al. (2000) specified 
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that sub adults at greater than carrying capacity were allowed to enter the dispersal pool. 
These individuals moved through the spatial grid up to a maximum distance until a suitable 
habitat cell was found. If there were none, then the animals were removed from the analysis.  
 
Alternative simulation models have been built for short term predictions, for example for 
assessing translocation success of C. fiber in the Netherlands (Nolet & Baveco, 1996). 
These models were individual based, following the fate of individual animals in the model. 
These models indicated that reintroduction success was dependent on breeding success 
and population supplementation.  
 
Opportunities for testing model predictions against field observed data are rare. There is a 
problem with circularity in model checking if the parameters used in the model are derived 
for the population being studied and should be avoided, therefore it is often necessary to 
divide available data into a parameterisation set and a validation set, or more commonly 
parameterise the models from the scientific literature. The latter has inherent dangers since 
the life history parameters so gathered may not reflect conditions in the area to be modelled. 
 
1.2 Concluding remarks 

Models are integral to adaptive management approaches, such as managing a 
reintroduction in that they allow transparent decision to be made which accounts for 
uncertainty in the system (Conroy & Peterson, 2013). These models can be used to 
recommend where and when to supplement and/or reinforce the reintroduced population, 
and then through further monitoring and modelling, to revaluate the success of the 
reintroduction and further management actions. 
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2. MODEL SPECIFICATION 

2.1 Purpose 

The purpose of this project was to develop a model for simulating the dynamics of a beaver 
population based on that produced by South et al. (2000). This model needed updating to a 
Windows environment, which involved translating the model from the C Programming 
Language into the R Programming Language. Furthermore, better quality habitat maps were 
used than were available in the initial modelling exercise, and minor changes were made to 
the manner in which dispersal was modelled (detailed below). The model was spatially 
explicit, which was provided by a raster map of habitat suitability. The model was stochastic 
in that it derived life history events by sampling a parameter space with mean and standard 
deviation (SD) or ranges (as appropriate) derived from life history variables reported in the 
scientific literature. 
 
A second purpose to this modelling exercise was to validate the model against data 
collected in the Knapdale scientific trial. 
 
Finally, the model was used to predict the growth of beaver populations in Scotland outside 
of the Knapdale study site, namely, the large and unmonitored population resident on the 
River Tay and its main tributaries.  
 
2.2 State variables and scales 

The unit of modelling was the beaver family; therefore the 'individual' in this individual-based 
model was a family holding a territory. State variables are those variables which describe the 
current status of the modelled individual units. Each family had the state variables of the 
number of adult males, the number of adult females, and the number of young (who were 
not distinguished by sex). Each family was assigned a unique identifier. It should be noted 
that a modelled family was not precisely the same as a beaver colony, since in the model a 
'family' could consist of a single individual with no dependent young. This typically happens 
as a result of a recent dispersal event, but also as a result of mortality. 
 
As well as adults and young, an additional category of subadult was used in the model. Sub-
adults included yearlings and non-breeding adults. Since the modelled unit was the beaver 
family, non-breeding adults were not individually identified except by being supernumerary to 
the breeding pair. 
 
The habitat was represented as a two dimensional raster with habitat categorised into three 
states: null habitat that could be neither moved through nor utilised by beavers; dispersal 
habitat that could be moved through but not utilised; and core habitat that could be both 
moved through and utilised. Core habitat could form part of the home range claimed by a 
beaver family. These habitat categories were derived from a 10m resolution map of the 
Scottish mainland (excluding islands) using the following criteria: 

 Core habitat based on suitable woodland within 50m of a watercourse, excluding 
woodland alongside rivers with a gradient of greater than 15% (8.5 degrees) and 
fragments that could not form part of a territory; 

 Dispersal habitat based on a 300m buffer of water features, except in urban habitats 
(where the buffer was 150m), steep gradients (average between 35–80 degrees, 
where the buffer was 150m), and very steep gradients (average >80 degrees, where 
the buffer was 50m); 

 Null habitat based on habitat that was neither core nor dispersal. 
 
Full details of the creation of the habitat maps, including the ecological basis used to decide 
on the above criteria, can be found in Stringer et al. (2015). 
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This map was converted to 100m resolution through aggregation for use in the model, 
adopting as the value for a new raster cell the maximum value of its component cells. This 
process tended to overestimate the habitat availability for beavers since it favoured core 
habitat (coded as '2') over dispersal habitat (coded as '1') over null habitat (coded as '0'). In 
the same way that beaver territories measured in field studies include regions of unsuitable 
habitat along with usable habitat, a core habitat cell represents in an abstract manner a 
parcel of land suitable for inclusion in a beaver territory. Table 1 shows a summary of the 
coverage of these habitat categories. 
 
Territories were represented as a two dimensional raster of the same size as the habitat 
map. Each raster cell claimed by a beaver family stored the family ID, otherwise it stored 
zero. 
 

Table 1: Constituent habitat types of the study regions from the 100m resolution habitat map 

Region Percentage  
'Null' 

Percentage 
'dispersal' 

Percentage  
'core' 

Knapdale 14.6 77.0 8.4 
Tayside 30.5 62.6 6.9 
 

The time step of the model was one year. 
 
2.3 Assumptions 

Animals were assumed to be in one of four life stages: juveniles or kits (this year's young) 
and yearlings (last year's young) who are dependent on adults; and adults who are either 
non-breeding subadults or sexually mature adults. 
 
A family was assumed to have one reproductive female and produced at most one litter a 
year. 
 
No consideration was given for sibling-sibling or parent-offspring pairings; this would require 
an individual-based rather than family-based model. 
 
2.4 Process overview and scheduling 

In each time step, seven processes were applied to the beaver population in a defined order: 
survival of subadults, birth of new juveniles, survival of juveniles, survival of adults, 
recruitment of subadults, dispersal, and territory release. The first six processes were 
conducted simultaneously for all beaver families. The process of dispersal was applied to 
each dispersing animal. 

2.4.1 Survival 

Survival was modelled by drawing a number of random deviates equal to the number of 
animals at risk from a binomial distribution with a probability equal to the applicable mortality 
rate (Table 2). The number of successes in the result equalled the number of animals dying.  

2.4.2 Birth 

A family could only produce a litter of young if it had at least one adult male and at least one 
adult female. A random uniform deviate drawn for each family also had to be lower than the 
probability of breeding this year (Table 2). If all three conditions for breeding were true, a 
litter was produced. Litter size was randomly determined by drawing a random deviate from 
a Poisson distribution with a mean equal to the mean litter size for Eurasian beaver (Table 2) 
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2.4.3 Recruitment 

The recruitment process permitted subadults (in this case, yearlings) to join their natal family 
as sexually-mature adults. If the family had fewer members than the maximum family size 
(Table 2), then subadults born to the family joined it up to the maximum family size. Upon 
successful recruitment, a sex was randomly assigned to the subadult, and the number of 
adult males or adult females was incremented as appropriate. Subadults unable to join their 
natal family joined the disperser pool (section 2.4.4). 

2.4.4 Dispersal 

Unlike all other processes, the dispersal process operated at the level of the individual 
animal rather than to a family. The disperser pool was comprised of individuals born last 
year who had been unable to join their natal territory (see section 2.4.3), as well as 
subadults who were still resident in their natal territory. The order in which individuals were 
dispersed was randomised. Each disperser began in a cell on the habitat map that was 
randomly chosen from those cells adjacent to the natal territory. 
 
In each step of this process, the disperser's behaviour was based on the contents of its 
current cell. 

A) If the current habitat cell was coded null then another cell was chosen instead. In the 
case of the initial cell, the new cell was randomly chosen from all cells adjacent to the 
natal territory. In later steps the new cell was chosen from those adjacent to the 
previous cell. 

B) If the current habitat cell was coded for dispersal, then the disperser moved to an 
adjacent cell randomly chosen from those that were furthest from its home territory. 
This process stopped an individual from backtracking on itself unless it reached a 
'dead end' and created dispersal paths with a stronger directional component than a 
simple random walk. The intent was to match patterns in dispersal behaviour 
discussed in Section 2.7.7. 

C) If the current habitat cell was coded as core habitat and the cell was claimed by a 
beaver family occupied by a single animal, then the disperser joined the family as its 
mate and assigned the opposite sex. If the family consisted of more than one 
member, the disperser continued to search for suitable habitat as if the cell was 
dispersal habitat (case B above). This process may result in a subadult immediately 
rejoining its natal territory, but the randomised dispersal order occasionally makes 
this impossible. 

D) If the current habitat cell was coded as core habitat and the cell was not claimed by a 
beaver family, then the disperser attempted to generate its own territory as described 
below. 

 
In order to account for observations that beavers in low density populations tend to colonise 
more distant habitat before sites close to natal territories (Hartman, 1995; František et al., 
2010), all dispersing beavers had an initial stage of 'wandering' where settlement was not 
permitted, and core habitat cells (types C and D above) were treated as dispersal cells 
instead (type B, above). For each disperser, the length of this wandering stage was 
randomly determined from a Poisson distribution with lambda equal to half the maximum 
dispersal distance (Table 2). This distance in kilometres was multiplied by ten to obtain the 
number of 100m raster cells traversed in the wandering phase. The disperser then had a 
number of further steps equal to the difference between the maximum dispersal distance 
and the number of steps already taken in which to explore its environment before dispersal 
was deemed a failure. Dispersal was recorded as ultimately successful if the disperser either 
found a territory to join or else formed its own territory. A disperser who failed to reach either 
fate in this number of steps was deemed to have failed and succumbed to dispersal 
mortality. 
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The process of a disperser joining a family to make a mated pair is described under the 
recruitment process (section 2.4.3) 
 
A disperser attempting to form its own territory began at its current cell and sequentially 
added contiguous cells one at a time. Cells added to the territory had to be core habitat cells 
and also be unclaimed in the territory raster. Territory formation was successful once the 
growing territory reached a minimum territory size (Table 2), at which point a new family was 
created with one adult, who was assigned a sex at random. The cells claimed by the new 
family was added to the territory raster. If the disperser failed to reach this minimum territory 
size due to lack of contiguous utilisable cells, then the cell was treated as a 'movement only' 
cell instead (case B, above) and all claimed territory was released. It should be noted that a 
territory could enclose non-core habitat, but all claimed territory must be contiguous core 
habitat cells.   

2.4.5 Territory Release 

If a beaver family had zero males (subadult plus adult) and zero females (subadult plus 
adult), then the family was dissolved and all claimed cells in the territory raster were reverted 
to their unclaimed value of zero. Any juveniles were recorded as dying. The placement of 
this process last in the scheduling ensured that no non-dispersed or non-recruited yearlings 
were present in the family. 
 
2.5 Design concepts 

2.5.1 Emergence 

Mortality of dispersers was an emergent property of the model; based on the failure of 
modelled dispersers to find territories to join or space to set up their own. 

2.5.2 Prediction 

The model was designed as a predictive model, with outputs targeted at being able to 
predict the spread of beaver populations beyond a known start point; whether this was the 
start of an introduction (as in Knapdale) or an established population (as in Tayside). 

2.5.3 Sensing 

There was explicit sensing between families, in that dispersing beavers were able to 
recognise the presence of habitat that was utilised by another beaver family when they 
entered a cell that was part of a territory. Such families may have been joined by the 
dispersing animal if there was social space, otherwise such habitat was avoided by beavers 
establishing their own habitat.  
 
The sex of a dispersing animal was determined by the model at the point that it settled. This 
rule accounted for animals detecting residents of the opposite sex and actively seeking them 
when joining a pre-existing territory. 

2.5.4 Stochasticity 

Stochasticity was introduced into the model through the modelling of mortality rates as 
probabilities, interpreting the proportion of breeding as the probability of breeding, and the 
determination of litter size through a random deviate from a Poisson distribution. Dispersal 
distance was also based on a directed random walk for a randomly determined distance. 

2.5.5 Observation 

In each time step, the number of adults, subadults, yearlings, and kits were recorded, along 
with the number of deaths in each life stage and the total number of births. The number of 
dispersers and their fate (recruited into natal territory, formed own territory, joined non-natal 
territory, failed) was also recorded. 
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2.6 Initialisation 

The model was initialised with a simulated release of a variable number of families (Section 
3) consisting of one adult male and one adult female beaver. Initial territories were 
determined by assigning a specific core habitat cell to each beaver family determined by 
known or proposed release sites, and simulating the formation of a territory in the same 
manner as described above for dispersers (section 2.4.4, type D). The core habitat cells 
forming the nucleus of each territory was always placed in proximity to sufficient habitat to 
form an initial territory: in the case of random placement of initial territories, if this 
requirement was not achieved then another random selection was made until the condition 
was satisfied. 
 
2.7 Input 

Spatial input to the model was in the form of the habitat raster map provided by Scottish 
Natural Heritage (Section 2.2).  
 
The driving variables of simulation model (Table 2) are those which result in changes to the 
status or value of state variables. 
 

Table 2: Driving parameters for the beaver simulation model 

Driving variable Value Source 
Survival, adult 0.87 (95% CI 0.83, 0.91) (Campbell et al., 2012b) 
Survival, subadult 0.87 (95% CI 0.83, 0.91) (Campbell et al., 2012b) 
Survival, yearling (1 year) 0.72 (95% CI 0.64, 0.80) (Campbell et al., 2012b) 
Survival, kit (0 years) 0.92 (95% CI 0.82, 1.02) (Campbell et al., 2012b) 
Probability of breeding 0.60 (range 0.20–0.80) (Campbell, 2010) 
Mean litter size 1.95 (range 1.60–2.30) (Campbell, 2010) 
Maximum family size 9 (range 7–11) (Campbell-Palmer et al., 2015) 
Maximum dispersal distance 16.00 km 

(range 12.00–21.00 km)
Various (see text) 

Minimum territory size 2 km of river, equating to 
twenty 100m raster cells

(Campbell, 2010) 

 
The justifications of the values for these driving variables are to be found in the following 
sections.  It is desirous to use driving parameters that reflect life histories of the species as a 
whole rather than driving parameters derived from a single population, since the latter may 
have environmental constraints that should be emergent properties of the model rather than 
be hardwired into the model. Where possible, data deriving from large sample sizes were 
considered preferable to smaller sample sizes; this tended to bias against usage of values 
derived from the Knapdale study site.  

2.7.1 Adult survival 

No adult survival data were available from Knapdale because of the short duration of the 
trial. Survival rates on Tayside are unknown. Campbell et al. (2012b) estimated average 
annual survival for dominant adults in Norway as 0.87 (95% CI 0.83, 0.91) (based on n=149 
adults, of which 106 were dominant). These estimates were lower than those used in South 
et al. (2000) where median mortality was given as 0.07 (i.e. survival 0.93), based on data 
from Nolet & Baveco (1996). 

2.7.2 Subadult survival 

Campbell (2010) did not distinguish between adult and subadult survival per se, but did find 
much lower survival amongst non-dominant adults at 0.64 (95% CI 0.52, 0.76) (based on 43 
non-dominant animals). Essentially these were the subadults within a group that were 2 
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years or older; when they leave a group, or take over their own group, and successfully 
establish their own territory they become an adult.  
 
However, because the study site was necessarily spatially limited, the survival estimate 
included individuals leaving the area (which on a larger scale is of course dispersal) and so 
was considered too low since dispersal mortality was applied separately in the model but 
included in this estimate. Since the likelihood of dying during dispersal was captured in the 
model as the likelihood of not finding suitable habitat, and survival of non-
dominant/subadults was applied mostly to younger animals while still in their natal territory 
as non-breeders, then survival of these animals was considered similar to that of the 
breeding adults in the group, and the same survival was therefore applied to subadults as 
adults. 

2.7.3 Yearling and kit survival 

There are no survival estimates for the Tayside population for either yearlings or kits. The 
sample sizes for the Knapdale population were very low (14 wild-born kits over the course of 
4 years), and therefore considered unrealistic estimates of true survival rates.  
 
Campbell et al. (2012b) estimated average annual yearling survival as 0.72 (95% CI 0.64, 
0.80, n=95) and average annual kit survival as 0.92 (95% CI 0.82, 1.02, n=66). For the same 
population, the study also reported that 89% of 140 offspring observed survived to 3 years of 
age.  
 
Estimates for kit survival in the South et al. (2000) model (based on data in Nolet & Baveco, 
1996) were much lower (range 0.64 - 0.71). The range of estimates for yearling survival was 
also wider (range 0.50 – 0.91), based on discrepancies amongst published studies available 
at the time, although the low estimate may have included young animals dispersing and thus 
been an underestimate of actual survival.  
 
Since sample sizes in Nolet & Baveco (1996) were low (12 for yearlings, 14 for kits), the 
Norwegian data from Campbell et al. (2012b) were considered more reliable estimates of 
'normal' survival rates.  

2.7.4 Probability of breeding 

Although lodge observations have recently been carried out on Tayside (Campbell-Palmer et 
al., 2015) data on the proportion of pairs successfully breeding in the Tayside catchment 
were not available because the study did not observe lodges at random but rather selected 
breeding lodges to obtain data on litter size. The probability of breeding at Knapdale was 
reasonably high: the proportion of pairs successfully producing young at Knapdale was 0.5 – 
0.75. This was comparable with values used in other studies (Macdonald et al., 1995; South 
et al., 2000), although South et al. (2000) also simulated a low probability of breeding 
scenario with a value of 0.31 based on a translocated population in the Netherlands (Nolet & 
Baveco, 1996), although a follow-up study showed that the proportion of females breeding 
increased in later years (Nolet et al., 2005). 
 
Campbell (2010) found that the likelihood of a female giving birth was dependent on age, 
increasing up to 4-6 years old, and declining thereafter, but also dependent on territory 
quality, and the effect of age was dependent on territory quality. Actual raw data for females 
between 3 and 8 years of age appeared to range between 0.2 and 0.6 (dependent on 
territory quality); but upper confidence intervals for predicted probability of breeding for this 
age group in the best territories were up to 0.8. Females over 8 years of age seemed to 
breed (with a probability of 0.2 – 0.4) only in the very best territories (data from Campbell et 
al. submitted). Sample sizes were small for the younger age class (2 years old) and so 
prediction intervals were wide (0–0.86 over all territory qualities), although it is probably 
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worth noting that not all beavers breed at sexual maturity (2 years old) and that the mean 
age of acquiring a territory (and thus becoming the dominant female and being able to 
breed) in this study was 5 years of age. 
 
Age of individual beavers was not tracked in the model. For the model, the range of 0.2 to 
0.8 was considered (accounting for the predicted upper confidence interval from Campbell 
(2010)), and a midpoint between these limits of 0.6 was accepted as the mean. 

2.7.5 Mean litter size 

Average litter size at Knapdale was slightly low (1.4, n=10) compared with the source 
population in Norway (1.7, n=71, Campbell et al., 2012b). Both of these values were lower 
than those used in South et al. (2000): 1.98 and 2.4 for the reintroduced population in the 
Netherlands and an established population in Germany, respectively, and lower than those 
recorded for the Tayside population (average 2.2, range 1-4, n=13, Campbell-Palmer et al., 
2015). Halley (2011) reported average litter sizes in Russia of 3.0 and up to 3.4. 
 
Differences may be due to origin (Norwegian vs. Bavarian) and/or possible inbreeding 
effects in the Norwegian population (Halley, 2011). The Russian values were considered to 
be inapplicable to Scottish populations, since none of the 10 litters at Knapdale had more 
than three kits, and only one out of 13 monitored on Tayside had more than three.  It was 
therefore decided to use in the model a minimum value of 1.6 (midway between Knapdale 
and Norway) and a maximum value of 2.3 (midway between Tayside and Germany). The 
mean litter size used was the mid-point between these values. 

2.7.6 Maximum family size 

Maximum group size observed on the Tayside was seven (average 5.2, SD 1.7, n=15, 
Campbell-Palmer et al., 2015). Groups of 11 individuals were observed in Norway (mean 
4.5, SD 2.4, n=11, Campbell et al., 2012b). Even during the short duration of the trial at 
Knapdale, one family group (for a short period prior to the loss of the kits) reached a 
maximum of 7 individuals. The median value of nine was used, with a range of 7 – 11. 

2.7.7 Maximum dispersal distance 

Data on dispersal distances were limited. There were no data available from Knapdale, 
Tayside or the Telemark study in Norway. Nolet & Baveco (1996) reported that 
approximately 8% of beavers dispersed 100 – 170 km, and approximately 50% dispersed 
less than 25 km.Saveljev et al. (2002) recorded three movements beyond the natal range by 
subadults of 13, 15 and 85 km. Of 23 dispersal distances recorded for American beavers in 
Illinois, McNew & Woolf (2005) recorded a maximum (linear distance) of 20.9 km, and most 
dispersing beavers settled at 1–4 km from their natal site). Fourteen dispersing subadult 
American beavers in Massachusetts moved an average of 4.5 km (SD 1.0) along streams or 
rivers (3.5 km, SD 0.7, straight line distance) (DeStefano et al., 2006) — in this study, four 
individuals that were tracked further dispersed 8.9, 5.2, 12.1, 8.4 km along rivers and 
streams (5.3, 4.6, 8.0, 9.8 km straight line distances) between their natal wetland and 
dispersal area (DeStefano, pers. comm.). These authors also detected a radio signal from a 
female that had moved a possible 39.6 km straight line distance, but this was unconfirmed. 
For the model, extreme dispersal movements were considered to be too rare to include in 
this study. 95% of the maximum dispersal distances listed in the sources above fell within 
the range of 12 to 21, so a midpoint between these values was used in the model. 

2.7.8 Minimum territory size 

Home ranges at Knapdale were between 1.8 and 4.7 km total bankside habitat — however, 
these were lochs (measured as the perimeter of the loch) and it seemed that the beavers 
used the loch that they were released on, regardless of their size (the larger lochs simply 
appeared to be used less intensively). There are various publications with details of territory 
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size in Norway — the largest sample size (n=31, Campbell, 2010) reported the smallest 
territory size as being 1.58 km of riverbank on both sides of the river (mean 3.8, SD 1.4).  
The smallest territories may not viable in the long-term and may expand in later years 
(Campbell, pers. comm.), a more conservative measure of minimum territory size was used 
to represent a long-term and viable minimum territory size. 
 
The lower 95th percentile of the Norwegian data was 2km. The smallest territory size in 
Tayside was smaller than in Norway, estimated as 0.4 km bank length, however all other 
territories besides this single small territory were estimated to be greater than 2 km, and 
some were much larger (mean 7.9, maximum 16). The Tayside territory size estimates were 
based on clusters of field signs and were therefore less accurate than the Norwegian 
estimates based on scent mound locations combined with telemetry data on the movements 
of social groups. 
 
No consideration in the model was made for abandonment of beaver territories as food was 
depleted. 
 
The model used a rasterised habitat map consisting of 100m resolution cells. Each kilometre 
of river bank therefore consisted of 10 such cells. 
 
2.8 Submodels 

There was one submodel utilised in some scenarios. 

2.8.1 Population reinforcement 

For some scenarios, the effects of population reinforcement were simulated through the 
release of further families of beavers at specified locations. This population reinforcement 
would consist of the release of pairs of beavers into specific release sites.  
 
Reinforcement in the model was performed prior to the dispersal process. This additional 
process was simulated in an identical fashion to initialisation (Section 2.6), although if a 
beaver territory was already in the location designated for reinforcement the individual was 
treated as a disperser looking for a new territory (Section 2.4.4) without a 'wandering' stage 
or the capacity to join a pre-existing territory (all cells of type C were considered to be cells 
of type B). Once a territory was established, the reinforcement family was initiated with an 
adult of each sex. This process allowed for the possibility that pre-reinforcement population 
growth might extend as far as the proposed release sites. 
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3. SCENARIOS 

Five scenarios were modelled as indicated in Figure 2, with two conducted at Knapdale (with 
and without population reinforcement). The only differences between scenarios were the 
initial population of beavers and whether or not the reinforcement submodel (Section 2.8.1) 
was applied. 
 
All scenarios consisted of 20 replicate runs from the same start point, and the simulation was 
run for 30 years in each replicate. 

 

Figure 2: Scenario locations for beaver population model 

 
3.1 Knapdale 

The Knapdale scenario was intended to validate the model by simulating the scientific trial 
release of 16 beavers in five families between 2009 and 2011 (Harrington et al., 2015). The 
simulated release sites were the same as those where beavers were released in the trial, 
and the families were the same initial sizes. 
 
3.2 Knapdale reinforcement 

The Knapdale reinforcement scenario was commenced in exactly the same fashion as the 
Knapdale scenario, but in the sixth year of the simulation (representing 2016) the 
Reinforcement submodel was deployed to add five new families (each consisting of a pair of 
beavers) to the simulated Knapdale population. The release sites for this scenario were one 
family in the Barnluasgan –Coille-Bharr – Dubh Loch catchment, one family in the Losgunn – 
Linne/Fidhle catchment, and three families in the Creagmhor – Buic – Mackay catchment. 
These locations were supplied by SNH as likely release sites for reinforcement. Each family 
consisted of an adult male and adult female. 
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3.3 Tayside 

The Tayside scenario was intended to predict the future spread of the Tayside population of 
beavers, which in 2012 was assessed to consist of approximately 150 individuals in 40 
families (Campbell et al., 2012a). No information was available on the initial release 
location(s) or numbers at Tayside, or when it occurred, making it unfeasible to simulate the 
growth of the population from its point of introduction. 
 
Surveys of the Tay catchment were performed at different intensities, so the exact locations 
of beaver families was not known. To estimate the current distribution of families, the 1590 
beaver signs from the 2012 survey were overlaid on the habitat map, and the number of 
beaver signs in each 100m raster cell was counted. For each replicate simulation, initial 
locations for 40 families were chosen randomly from the raster cells that had the most 
beaver signs and were located on core habitat. Each family consisted of an adult male and 
adult female. There was a 50% chance of an additional male subadult, and the same chance 
of an additional female subadult, which gives a mean family size (including the two adults) of 
3.0. This resulted in a population in the first year of 120 individuals, deliberately lower than 
the estimated population of 150 beavers. Year 0 was intended to be a 'burn-in' year, and the 
next year of the simulation should have a population size and family structure similar to that 
found in natural beaver populations. 
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4. RESULTS 

A note about the population density maps: each scenario is represented by a map which 
indicates the occupancy density over the course of all replicate simulations of all years. 
These maps are simplified versions of the habitat map, where null and dispersal habitat have 
been coloured the same (cream), where core habitat is coloured khaki. Overlaid on this is a 
rainbow of colours indicating persistence of beaver territories. Areas coloured in 'hot' colours 
(red and yellow) were occupied the most, with the hottest red representing a raster square 
that was occupied in most years in most replicates (typical of an initial release site). Areas 
coloured in 'cool' colours (dark blue and purple) were occupied the least, with the coolest 
purple representing a single year of occupation in a single replicate. Intermediate colours 
(green and cyan) indicate that the habitat cell was occupied in 40–60% of the 20 replicate 
simulations, 40–60% of the 30 years in every simulation, or some combination thereof. Even 
the coolest colour (purple) still represents the presence of beaver families in one or two out 
of the 20 replicates, or the presence of beavers in 1–5 years of all replicates, and thus could 
represent regions that were colonised late in the 30 year simulations. 
 
4.1 Knapdale 

The Knapdale simulations estimate a mean population of 90.4 beavers after 30 years 
(Figure 3). However, the standard deviations of these estimates were very large, indicating a 
huge variation between model replicates. The maximum population size at year 30 was 165, 
and the minimum 0 since one of the twenty replicates had gone extinct in year 18. 
 

 

Figure 3: Mean beaver population size of 20 replicate runs at Knapdale. Error bars represent 
1 standard deviation 
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The mean family size increased from a low of 2.4 animals per family in year 4 to 4.8 animals 
per family by year 30 (Figure 4). The reason for this steady increase in family size was that 
dispersing animals move randomly away from their natal territory and set up territories of 
their own when they encountered sufficient unclaimed core territory. This resulted in 
singleton territories at the periphery of the range. As the landscape became saturated with 
beaver territories, the opportunities for forming new territories become scarce and more 
dispersing beavers join one-beaver families and increasing the overall mean family size. 
 
Mean family sizes may seem smaller than expected, but a 'family' in the model consisted of 
all beavers resident in a territory, including lone animals that had just dispersed. In an 
expanding population such as this one, there was a 'front' of one-beaver families. For 
example, in the last year of the simulation, 19.0% of modelled beaver families had one 
member. If these are excluded from the data, then the mean family size is 5.7 (SD=2.8). 
Furthermore, 63.0% of families had 5 or more members and 26.4% had 8 or more members. 
 

 

Figure 4: Mean size of simulated beaver families in Knapdale. Error bars represent 1 
standard deviation 

 
To compare the model outputs with the real population of Knapdale, it was necessary to 
compare each of the 20 replicates separately with the population size reported at Knapdale 
(Figure 5). The situation was slightly complicated by the fact that the number of kits born in 
2014 is not yet known but on the assumption that at least five kits were born (as in 2013), 
then over one quarter of the replicate runs (6/20) had a population that was equal to or less 
than the population at Knapdale.  
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Figure 5: Comparison of the 20 Knapdale replicate simulations with the actual population 
size reported at Knapdale (total adults and juveniles). The last point does not include kits 
born in 2014; the lower point is the known population of adults and subadults, the upper is 
the known population augmented with an estimate of five kits (same as born in 2013). 

 
Due to the stochastic nature of the model, some of the replicate simulations did poorly and 
others did well. Comparing summary statistics of all the model runs with the output from 
scientific trial at Knapdale is flawed, since it can only be expected to be similar to some of 
the replicate simulations. For this reason, the population numbers after six years (equivalent 
to the end of the scientific trial) were assessed in each of the 20 simulations, and divided into 
three groups: i) those simulations in which the population size was smaller than the mean 
minus one standard deviation (4 simulations); ii) those simulations in which the population 
size was within one standard deviation of the mean (13 simulations); and iii) those 
simulations in which the population size was greater than the mean plus one standard 
deviation (3 simulations) (Table 3). The data from the scientific trial at Knapdale have been 
converted into mortality measures as calculated in the model, which was number of deaths 
divided by the previous year's population in that stage category. 
 

Table 3: Recovered life table characteristics from simulated beaver populations in Knapdale 
for first six years. The values in the last column were obtained from Harrington (2014) 

Life history parameter smaller than  
(mean – SD) 

Within 1 SD 
from mean 

greater than 
(mean + SD) 

Values recorded 
at Knapdale 

Mean kit mortality 0.35 0.13 0.07 0.38 
Mean yearling and subadult mortality 0.00 0.00 0.00 0.20 
Mean adult mortality 0.18 0.10 0.13 0.12 
Mean total number of kits born 10.75 25.31 40.67 14.00 

 

All replicates experienced the same driving variables, but the stochastic nature of the model 
meant that some replicates had lower numbers of births and higher numbers of deaths than 
other replicates. 
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This output emphasises the importance of driving variables that represent 'normal' life history 
parameters deriving where possible from large sample sizes. All life history parameters 
measured in the field are 'realised' or 'secondary' values, reflecting some sample drawn from 
a distribution whose mean is the 'true' or  'primary' value of the parameter. By relying on 
species-specific rather than study-specific life history parameters the hope was to avoid any 
circularity in the modelling process. It is notable that kit mortality, number of kits born, and to 
some extent adult mortality in those poor-performing populations were similar to the values 
recovered at Knapdale (Table 3, last column), despite the fact that Knapdale life histories 
were not used to parameterise the model. 
 
After thirty years, the simulated Knapdale beaver populations had expanded beyond the 
catchments in which they were released (Figure 6). 
 

 
 

Figure 6: Population density map of beaver reintroduction in Knapdale. Intensity of colours 
indicate occupancy of beavers, where 'occupancy' denotes the percentage of replicate 
simulations, the percentage of each 30 year simulation, or some combination thereof, that 
the habitat cell was occupied. 

 
Beavers were predicted to have fully utilised the Loch Coille-Bharr and Loch Linne 
catchments and entered the Crinan Canal around Dunardry Locks. From here they were 
predicted to spread more rarely into Daill Loch and into the River Add around Bridgend, and 
also northwest along the canal towards Crinan. In many runs families established in the 
burns that feed into Caol Scotnish. In total they reached a maximum of 5.4 km from their 
release point. 
 
A direct comparison between the predicted spatial spread in the model and the situation at 
Knapdale is shown in Figure 7. For this illustration, the model predictions for the first five 
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years are shown only for those replicates that had the same or similar population sizes (± 3 
animals) as in the scientific trial at Knapdale. 
 

Fresh water features are reproduced from the Ordnance Survey Great Britain MasterMap Topographic Area 
data © Crown copyright and database rights [2015] Ordnance Survey 100017908 
 

Figure 7: Comparison of beaver occupancy in Knapdale 5 years post release in the model 
(top) and in reality (bottom, from Harrington et al., 2015, red points indicate beaver field 
signs). The model predictions are displayed as a population density map, where intensity of 
colour represents likelihood of beaver residence. Red indicates occupancy in all years in all 
replicates, purple indicates occupancy in one year in one replicate. 
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The beavers in both the model predictions and the scientific trial have not expanded greatly 
from their release sites, although in one model replicate a sole beaver dispersed to the 
Crinan canal in year 4 and persisted there until year 5. In reality, one dispersing sub-adult 
was detected in the vicinity of the Fairy Isles but did not settle there; locations of other sub-
adult dispersers (n=3 or 4) are unknown (Harrington et al., 2015), although field signs were 
detected on the Crinan Canal and River Add. 
 
4.2 Knapdale reinforcement 

The Knapdale reinforcement scenario predicted a mean of 153 beavers in 27 families after 
30 years, i.e. 25 years after population reinforcement (Figure 8). The maximum population 
size amongst the 20 replicates was 202 and the minimum was 102. There were no 
population extinctions (whereas without reinforcement one of the twenty replicates had gone 
extinct in year 18).  

 

Figure 8: Mean beaver population size of 20 replicate runs at Knapdale with population 
reinforcement in year 6. Error bars represent 1 standard deviation 

 
The mean model size after 30 years was 5.7 beavers, although after excluding one-beaver 
families this mean rose to 6.2. 
 
In terms of population spread, beaver families became established in a wider area (Figure 
9), including the Loch an Add and Daill Loch catchment, which was one of the release sites 
for the reinforcing population. Beavers also established further east down the Crinan canal, 
getting as far as Craigglas. Other than this, the reinforced population did not tend to expand 
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much further than the non-reinforced population, with the excess families filling in the 
colonised areas with more certainty and in higher numbers. 
 

 
 

Figure 9: Population density map of beaver reintroduction in Knapdale with population 
reinforcement. Intensity of colours indicate occupancy of beavers, where 'occupancy' 
denotes the percentage of replicate simulations, the percentage of each 30 year simulation, 
or some combination thereof, that the habitat cell was occupied. 
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4.3 Tayside 

Unlike the other scenarios, the Tayside scenario did not start with an introduction of pairs of 
beavers, but instead was meant to represent an established population. However, any 
inputted population would not be expected to have a stable population structure. Year 0 of 
this simulation was therefore a burn-in year, deliberately understocked and discarded from 
the analysis. Year 1 was therefore the first year with a modelled population structure which 
could be expected to match that of real beaver populations. The composition of the families 
in the initial population was determined randomly in order to replicate a pre-existing 
population (Section 3.3). The population grew from a mean population size of 120.0 animals 
in the initial year to a mean of 147.6 animals in the first year. This matched well to the 
estimate of 150 animals at Tayside in 2012. The population grew to a mean of 771 animals 
in thirty years (Figure 10), in a mean of 159.5 families. The maximum population size seen 
amongst the 20 replicates was 1022 beavers. 
 

 

Figure 10: Mean beaver population size of 20 replicate runs at Tayside. Error bars represent 
1 standard deviation 

 
Like the Knapdale simulations, the mean family size grew over time and was 4.8 after fifteen 
years; when adjusted for one-beaver families the mean was 5.1. The proximity of these two 
estimates indicates that at Tayside there was a diminished importance of dispersers (the 
one-beaver families) as might be expected in a mature population. 
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The population density map (Figure 11) indicates that beavers tended to expand along the 
river catchments where they were already established. Most of the population was resident 
around the confluence of the Tay and the Tummel, with smaller numbers in the Earn and 
Isla-Dean Water catchments where the core habitat was more fragmented. It is clear that 
there is plenty of under-utilised habitat in the greater Tay region, and there is no reason why 
the population would not continue to grow at the same rate for several more decades. 
 

 

Figure 11: Population density map of beaver reintroduction in Tayside. Intensity of colours 
indicate occupancy of beavers, where 'occupancy' denotes the percentage of replicate 
simulations, the percentage of each 30 year simulation, or some combination thereof, that 
the habitat cell was occupied. 

 
It is interesting to note that the growth rate of the modelled population in Tayside was linear, 
whereas in the other populations considered in this study, growth was exponential (e.g. 
Figure 4). Since the model processes and driving parameters were unaltered between 
scenarios, this difference must be due to a feature of the habitat map input to the model. The 
Tayside habitat has a lower proportion of core beaver habitat than Knapdale, and also less 
dispersal habitat (Table 1). It may be that the arrangement of the core beaver habitat at 
Tayside was more limiting on the beaver population than at Knapdale. For example, if the 
core habitat contains more linear stretches with few tributaries, then the potential for beaver 
expansion was limited to two directions (upstream and downstream), whereas the same 
amount of habitat arranged as a glen with two branches has double the number of directions 
for expansion. 
 
Since the Tayside population grew at a steady rate throughout the 15 years of the simulation 
and assuming that this was reflective of the actual growth rate of beaver populations on the 
Tay, it was possible to use a linear model to predict the estimated release date of beavers in 
this catchment. It should be noted that this was speculative, since it involved a statistical 
model of the results of a simulation model to infer information about an animal population in 
the field. 
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With these caveats in place, this exercise suggested that beavers could have been released 
in 2007 at the latest (Figure 12). However, since initial growth of beaver populations from 
reintroduction is likely to be slow (as in Knapdale, Figure 3), the actual release date was 
probably several years prior to 2007. Since beavers tend towards short dispersal distances 
despite the potential for long-distance movement, it is likely that the founder population at 
Tayside consisted of several separate releases in different geographical locations, either at 
the same time or in a staggered introduction.  
 
This analysis also suggests that the modelled Tayside population was increasing by a mean 
of 21.6 beavers per year (95% CI: 20.9–22.3). 
 

 

Figure 12: Predicted release date of beavers on the Tay catchment based on a linear model 
(red lines: mean ±1 standard error) of the simulated population size (black dots). The blue 
line indicates the mean and the shaded area ± 1 standard deviation of the 20 simulation 
replicates. 

 
The rate of expansion of the area covered by the simulated beaver territories at Tayside 
stabilised at approximately 3.2 km per year (Figure 13). 
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Figure 13: Linear rate of range expansion in modelled beaver populations at Tayside. The 
blue line is the mean of the twenty replicates (which are shown as dots) and the shaded area 
one standard deviation from the mean. 

 
The high initial expansion in the modelled population was an artefact resulting from the initial 
formation of territories by the starting population, but even discounting the first point, the 
subsequent few years experienced faster expansion than in the latter 10. The final modelled 
rate of expansion was comparable with that estimated for reintroduced populations of 
beavers in the Czech Republic of 2.4 km per year (Barták et al., 2013), but slower than the 
8.9 km year per year seen on the Loire (Fustec et al., 2001) or the 12 km per year seen in 
Sweden (Hartman, 1995), although the latter study also observed lower expansion rates of 
1.9 and 2.9 km per year in some years and regions. 
 
A point to note is that while this expansion accounts for the changes in linear habitat 
occupied by modelled beaver populations on Tayside, it does not necessarily represent an 
expansion of the populations' range. Much of the modelled range expansion was infilling 
rather than spreading upstream, since the initial population at Tayside was discontinuous. 
This contrasts strongly with the Knapdale population which began with beavers in a small 
geographical area, and so the yearly change in occupied habitat represented an actual 
expansion of beaver range. 
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5. DISCUSSION 

5.1 Limitations of the model 

The chief limitation on the model was the simplification of the habitat map for use in the 
model. For example, in the 2012 survey of the Tayside population (Campbell et al., 2012a) 
there were substantial signs of beaver presence in the Isla, Dean Water, and Baikie Burn 
region of the Tay catchment. However, the habitat map had only small and patchy fragments 
of core habitat in these areas, and this area was not therefore well-colonised in the 
simulation model. This may be due to the resolution limitations of the base data layers that 
are currently available in the GIS data that went towards the creation of the habitat map (and 
that beavers should be able to settle here in the model). Alternatively, many of these beaver 
signs may be feeding signs left by animals as they disperse through the area rather than 
establishing territories (and that the model was correct in not placing beaver territories here). 
Decreasing the resolution of the habitat map helped in this regard, as it tended to 
overestimate the availability of core habitat by taking the maximum value amongst the 
component lower resolution raster cells for the value of the higher resolution raster cell. 
Furthermore, the location of initial beaver families in the modelled Tayside scenario was 
based on the density of beaver field signs from the 2012 survey, without distinguishing 
between signs that provide an indication of main territories (lodges, dens, dams, caches, 
scent mounds, etc.), although it was restricted to raster cells designated as core habitat. 
 
Another limitation was the availability of region-specific life-history parameters with a 
sufficiently large sample size to approximate the true or primary parameter value. It is 
implied that the environmental impacts on beaver life histories are similar in Scotland to 
those experienced in other natural or reintroduced populations. The justification of the driving 
parameters of the model given in Section 2.7 therefore erred on the side of caution. A 
sensitivity analysis is planned in order to quantify the impacts of driving parameter choice on 
the outputs of the model, which should be available later in 2015. The scientific trial at 
Knapdale has been specifically excluded when deriving values for the model driving 
variables in order to avoid circularity (i.e. if the model uses values derived from Knapdale to 
model Knapdale, it cannot ever produce anything other than data which resembles 
Knapdale). It has been assumed that mortality and fecundity measured at Knapdale were 
'secondary' variables, representing samples from an underlying 'primary' distribution which 
was related to the biology of beavers and not to differences between environments. Should it 
become evident that there is some quality of Knapdale's environment (or indeed, Scotland's 
environment) that is inhibiting reproduction and kit survival, then the predictions of the 
process-based model will be different. 
 
The process of dispersal in this model was simplified, and almost certainly does not account 
for the complexity of beaver movements in the wild. For example, the rule base used does 
not explicitly consider scent-marking to draw mates into singleton territories. As a 
consequence, pairs form only when one beaver randomly locates a territory occupied by a 
singleton. In order to partially account for the phenomenon of scent marking, dispersing 
individuals have no sex assigned until they successfully find a territory. If that territory was 
occupied by a singleton the dispersing beaver automatically assumes the opposite sex, 
representing the possibility that it was drawn there rather than discovered the territory 
randomly. 
 
The model does not account for the occasional long-distance dispersal events seen in wild 
beaver populations (Nolet & Baveco, 1996; Saveljev et al., 2002).  However, the impact of 
these movements on population growth in an introduced beaver population were likely to be 
minimal. Since the habitat into which these beavers are moving does not contain beavers, 
the chance of these long-distance movements resulting in the establishment of a family was 
small. This was due to the requirement of a second beaver of the opposite sex making a 
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similar dispersal movement in the same direction and time that brings it close enough to the 
first beaver for them to sense each other's presence. As far as the model was concerned, 
these were rare events that have little or no impact on population growth in the modelled 
study area, and were thus ignored. 
 
5.2 Validation using Knapdale data 

The simulation model was able to recapitulate the beaver populations in the scientific trial at 
Knapdale in some (4/20) of the replicates. The life table data recovered from the model runs 
with similar numbers of beavers had similar characteristics to those recorded in the scientific 
trial (Table 3). Simulated beavers in these replicates achieved half of the reproductive output 
than the replicates that did better than the trial population, and had the same elevated kit 
mortality whilst experiencing similar mortalities in adults and subadults. Furthermore, the 
spatial distribution of these four replicates was similar to that observed in the Knapdale trial 
(Figure 7). 
 
These results suggest that the lack of significant population growth in the Knapdale trial from 
2009–2014 may be due to adverse stochastic events (or 'bad luck'), and that if the trial were 
to be repeated the outcome could have been different. Seven out of the twenty model 
replicates had more than 30 beavers after five years and the remaining seven replicates had 
between 14 and 29 beavers after five years. 
 
Harrington et al. (2015) reported a VORTEX simulation in which the population at Knapdale 
was non-viable and would decline at the current measured population parameters. 
Furthermore, the simulations predicted that population reinforcement could only produce 
sustained population growth while the reinforcement continued, and that the population at 
Knapdale would decline once reinforcement ceased. This would seem to be at odds with the 
output obtained from the model described here, but in addition to being a very different 
model, they were also based on different assumptions. The VORTEX model was based on 
parameter estimates measured during the scientific trial at Knapdale, and these parameters 
remained constant throughout the simulation. The process-based model described here 
used parameters derived from established beaver populations, and assumed that the high 
mortality and poor fecundity observed at Knapdale were due to stochastic variation and did 
not reflect the actual mortality and/or fecundity. 
 
5.3 Prediction of spread of beaver populations 

Given that the results of the first five years of the Knapdale scientific trial fall within the 
bounds of prediction of the simulation model, the ability of the model to make sensible 
predictions was confirmed and its use to predict the growth of other beaver populations in 
Scotland was justified. 
 
The Tayside population is a pre-existing population resulting from one or more releases of 
beavers at least nine years ago. The model suggested that the population could grow by a 
mean of 20 beavers per year, and maintain this level of growth for at least thirty years. This 
population growth could be sustained because of the large amount of available habitat in the 
Tay catchment, which was by no means saturated by beaver families even after a 30 year 
simulation. The only limiting factors to population expansion were firstly, the ability for 
beavers to locate core habitat since in some areas where beavers were established the 
utilisable habitat was quite fragmented; and secondly, once a territory had been established, 
the ability to attract a mate. However, there was plenty of core beaver habitat in the Tay 
catchment that was not fragmented and the populations were free to expand in these 
regions; and there may also be additional suitable habitat that was not been captured in the 
mapping exercise. 
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To get an idea of the speed of recolonization by beavers following reintroduction, data from 
Table 2 of Halley & Rosell (2003) were used along with size of reintroductions (Halley & 
Rosell, 2002). In all there were 22 countries where beavers had gone extinct and then had 
been reintroduced. Where the information was not given, assumptions were made. These 
were:  

 The minimum number of reintroduction events were estimated from the supplied 
reintroduction date. Where a range of dates was given, there must have been at least 
one reintroduction in the first year listed and one in the second year listed.  

 The number of reintroduced animals (N0) population was assumed to be 10 animals 
per reintroduction event. The reproductive rate R was estimated by rearranging the 

exponential growth equation to solve for R thus: , where Nt is the 

estimated population size at date of publication, and t is the number of years since 
first introduction and date of publication. Due to the inverse power relationship, this 
calculation is relatively insensitive to parameter estimation if t is high enough 
(changes in N0 of an order of magnitude change R in only the second decimal place 
for t>30 years).  

 
This analysis yielded a median R of 1.09 (95% of the data fall in the range 0.84 to 1.34); that 
is, the populations increased by an average of 9% each year (Table 4). By way of 
comparison, the modelled population at Tayside had a R of 1.06. At Knapdale, the modelled 
population had an R of 1.06 (after 30 years), whereas the scientific trial had an R of 1.03 
after six years. 
 
It should be noted that R does not consider an initial lag in population growth as populations 
become established, neither does it account for a slowing in growth rate as populations 
saturate the landscape. This calculation assumes steady exponential growth rather than a 
more typical sigmoid form of the growth curve; although at least for these expanding 
populations the final asymptote is less likely to be a limiting factor. Furthermore, R does not 
separate increases in family size from increases in the number of families, which is 
significant at small population sizes and affects area colonised and population density.  
 
These estimates of R can be used to provide an overview of the growth rate of reintroduced 
beaver populations in Europe as a whole. Furthermore, this permits the assessment of 
whether the model is producing estimates of population growth that were in accordance with 
those seen in the natural environment. The use of the exponential growth equation was 
justified in that reintroduced beaver populations are expanding into new habitats with no 
resident populations, and so should not be subject to population regulation through density 
dependence as long as they are released in a sufficiently well-connected habitat. 
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Table 4: Calculated reproductive rate for 22 reintroduced beaver populations. Data from 
(Halley & Rosell, 2002; Halley & Rosell, 2003) 

Country Earliest 
reintroduction 

Number of years 
since 
reintroduction, t 

Size of 
reintroduced 
population N0 

2003 
population 
estimate (Nt) 

Estimated 
R 

Austria 1970 33 40 1300 1.11 

Belgium 1998 5 52 200 1.31 

Croatia 1996 7 85 180 1.11 

Czech Republic 1991 12 22 500 1.30 

Denmark 1999 4 18 65 1.38 

Estonia 1957 46 10 11000 1.16 

Finland 1935 68 17 2000 1.07 

France 1959 44 27 7000 1.13 

Germany 1936 67 200 8000 1.06 

Hungary 1991 12 64 400 1.16 

Latvia 1927 76 13 100000 1.12 

Lithuania 1947 56 78 50000 1.12 

Luxembourg 2000 3 2 1 0.79 

Mongolia 1959 44 20* 800 1.09 

Netherlands 1988 15 109 177 1.03 

Norway 1925 78 140 70000 1.08 

Poland 1943 60 278 18000 1.07 

Romania 1998 5 164 170 1.01 

Russia 1927 76 15000 232000 1.04 

Slovenia 1999 4 10* 6 0.88 

Sweden 1922 81 47 100000 1.10 

Switzerland 1956 47 141 350 1.02 

* where size of reintroduced population was unavailable, this was estimated to be 10 animals per 
reintroduction event, and the (minimum) number of reintroduction events from the range of years 
given in the primary source. 
 
 
5.4 Conclusion 

The individual-based model described here predicted plausible simulations of beaver 
colonisation at Knapdale. When simulating the established population at Tayside, the model 
predicts an increase in population range of 2 km per year, and an increase in population size 
of approximately 20 individuals per year. The model suggests that the Tayside population 
has been growing at a constant rate and will continue to do so for at least 30 years without 
the environment becoming saturated. 
 
There is a need for continued monitoring of the two wild populations of beavers in Scotland, 
not least to confirm (or refute) the findings of this model. As more spatial and temporal data 
becomes available, confidence in the predictions of the model will increase; and it may find a 
role in the active management of beaver reintroductions in Scotland. 
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