
SUPPLEMENTARY MATERIAL 

Table S2  

Demographic input values and specifications for Vortex analysis 

Model structure was derived from Carroll et al. 2013, with Vortex run as an Individual Based Model and 

enabling Special Options, in order to follow complex biology of the species. Since the aim of the present study 

was to model the actual increase of Tuscan wolf population, rather than to foresee future development of a 

reintroduced population, we considered a single population rather than a meta-population and without any 

genetic management of mating as done, instead, by Carrol et al. [52]. 

Parameter Value (SD) Notes 

Initial population size 100 

This value was obtained by summarizing 
estimates from different Tuscan areas of Boitani 
et al. [81] (30-50), Ciani [82] (20-25 wolves) and 
Mattioli and Apollonio [83] (50-100). This value 
was considered as the most reliable conservative 
estimation, relying on a minimum ascertained 
number of individuals, but uncertainties on the 
parameter were explored varying simulation 
inputs without substantially affecting the results 
(see Figure S3). 

Inbreeding depression, lethal 
equivalents 

6.29 
Program default values (by O’Grady et al. [108]). 
Since wolf population was strongly increasing, we 
didn’t deeply investigate inbreeding depression 
genetic implications, but in any case, we didn’t 
exclude effects in the few occasions when 
population stochastically dropped 

Percent due to lethal recessive alleles 50 

Reproductive system 
Long term 
monogamy 

As done by Carroll et al. [52], we incorporated into 
the model the persistent monopolization of 
breeding opportunities by male and female alpha 
individuals. Once an individual achieves alpha 
status it will generally retain that status until 
death 

Age of first offspring females 2  

Maximum age of female 
reproduction 

10  

Observed in the focus area by combining 
evidences of reproduction (direct observations, 
camera-trapping records or wolf-howling) with 
genetic information 

Age of first offspring males 2  

Maximum age of male reproduction 7 Observed in the focus area 

Maximum lifespan 11 Observed in the focus area 

Maximum number of broods per year 1 Observed in the focus area 

Maximum number of progeny per 
brood 

7 Observed in the focus area 

Sex ratio at birth in % males 50  

Density dependence no 

Since population size was far from estimated 
carrying capacity (see parameter explanation) for 
most of the study period, we were not able to 
observe density dependence. Hence, we assumed 
no such a link, in order to produce more 
conservative predictions [48,109]. Moreover, no 
dead wolves were found during the monitoring 
period due to intraspecific aggression, that was 



found to be, at least in some circumstance, a 
density-dependent regulator of adult mortality 
[102]. 

% adult females breeding 
45.588 

(18.429) 

The value was imputed in the model by typing: 
100*IS7 (See State variables, Tab. S3), in order 
tobetter represent wolf complex reproductive 
system, as done by Carrol et al. [52]. 
The parameter was obtained by monitoring 19 
packs for 56 reproduction occasions with 68 adult 
females in the focus area. In 31 occasions pups 
were recorded in summer. 

Mean number of offspring per 
female per brood 

3.81 (1.965) 

Mean summer litter size from 21 observations of 
10 different packs. This is an underestimation of 
the true brood size, since it accounts for the first 
part of juvenile mortality, but the estimation of 
this kind of mortality was adjusted in population 
model in order to exclude the quota already 
computed in the brood size (See next). 

% Juvenile mortality 42.31 (10.58) 

Juvenile mortality was derived as the percentage 
of difference between summer and late winter 
brood size. This mortality constitutes an 
underestimation of the true annual juvenile 
mortality, since it doesn’t include spring and early 
summer mortality, which can be relevant [35], but 
whose effect, in the population model, was 
already considered in the mean brood size. 
SD was assumed to be 25% of the average value. 

% Adult mortality 20.41 (5.01) 

The value was imputed in the model by typing: 
=PS5 (See State variables, Tab. S3), in order to 
better represent wolf complex reproductive 
system, simplifying Carrol et al. [52]. 
It was estimated from 6 years monitoring, 98 
occasions (52 for males, 46 females), on 35 
different individuals (20 males and 15 females). 
SD was assumed to be 25% of the average value 

Catastrophes 0 

Since there were no evidences of catastrophic 
events in the study period to estimate reliable 
occurrence rates for catastrophes and their 
incidence on population [49] 

% Males in the breeding pool 100*IS8 

The value was computed from the number of 
adult males alive and the number of breeding 
females. The parameter was imputed in the 
model by mean of state variables as done for 
females and similarly to Carroll et al. [52], 
simplified (See State variables Tab. S3). 

Carrying capacity 1466.8 (60.2) 

The maximum carrying capacity was defined 
assuming it depended almost on available wild 
ungulates biomass [110]. Ungulates populations 
were estimated by hunting censuses in 2016 [54] 
and assuming an annual intake rate of 972 kg as 
the need for a wolf [111]. Available biomass was 
computed subtracting the hunting quota and by 
assuming: 
20 kg for each roe deer; 
100 kg for each red deer; 



50 kg for each fallow deer; 
30 kg for each mouflon; 
30 kg for each wild boar. 
See also Person et al. [112]; Karlsson et al. [113]; 
Fuller & Keith [114]; Cariappa [115]. 
Since observed ungulate abundance is lower in 
most anthropized areas, the parameter reduces, 
accordingly, the overall estimated wolf density 
with respect to the contribution provided by hilly 
and mountainous areas 
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