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Appendix 1 

 

Figure A1. (a) Mean age class-specific body mass SE for male moose at Vega from 1992–2012, 

adjusted for recorded date of weighing during marking in January–March. Age class 1: age 0–1 (n = 

88), 2: age 1–2 (n = 34), 3: age 2–3 (n = 15), and 4: age 3 and older (n = 40). (b) Mean age class-

specific carcass mass from hunted male moose at Vega from 1989–2012, adjusted for recorded date 



of weighing during September–October. Age class 1: age 0–1 (n = 56), 2: age 1–2 (n = 22), 3: age 

2–3 (n = 5), and 4: age 3 and older (n = 18).  

 

 

Figure A2. Mean age-specific antler size for male moose at Vega from 1992–2012 (n = 136). Antler 

size was measured as the mean number of antler points (> 2 cm) of right and left antler from 

observations of live animals and from shot individuals.  

 

 

Table A1. Pearson correlation matrix between the demographic variables used to assess the 

relationship between the probability to successfully reproduce as a two year-old and population 

properties for male moose at Vega from 1984–2012. df = 26. 

 Male age No. of adults (n) Adult sex ratio 
Male age    
Number of adults (n) 0.551a   
Adult sex ratio –0.151 0.203  
a p < 0.050 
  



Appendix 2  

Parameter estimation using multistate models 

In this appendix, we give some additional information regarding how we built and parameterized the multi-

state models in E-SURGE. For more information about the software and multi-state models, please see the 

manual by Choquet and Nogué (2011) and Choquet et al. (2009). 

 We divided our analysis into two parts, where we first modeled mortality (by hunting or natural) 

and reporductive probabilities for all males. Second, we included only those males that successfully sired 

offspring at least once during their life span to look at effects of age at first reproduction (AFR) on 

reproduction probabilities. The models included three types of parameters: 

 

, the probability that an individual in state r at age a was hunted before a+1. 

, the probability that an individual in state r at age a died naturally before a+1.   

, the probability that an individual in state r at age a was in state s at a+1, given that the individual 

survived from age a to age a+1. 

 

The possible states were 1:  no reproduction (ψNR), 2: sired one or two offspring (ψ1-2), sired three or more 

offspring (ψ3+), 4: hunted (η), and 5: natural death (φ). The general model included the effect of previous 

reproductive state (PR) and age class a on hunting mortality η and natural mortality φ; and for reproduction 

ψ probabilities also the transition to current reproductive state (CR): 

  

Second, we assessed the effects of age class, AFR and previous mating success on the probabilities to 

reproduce (NR, 1-2 or 3+) the following year for those that sired offspring at least once. The general model: 

 

AFR as 3, 4 and 5 year olds were pooled for sample size reasons, giving two AFR groups: AFR 2: AFR as 2 

year old or AFR 3+: AFR as 3 year or older.  The males were divided into four age classes: age 1 = 0.5–1.5 

years old, age 2 = 1.5–2.5 years old, age 3 = 2.5–3.5 years old, age 4–11 = 3.5–10.5 years old.. Calves prior 

to age 0.5, i.e. which died before their first hunting season, were not included in the models as their sex 

was unidentified. Due to the thorough paternity assignment (Haanes et al. 2013), we assumed that the fate 

of all individuals was known (i.e. assuming no error in determination of reproductive or survival state). As 
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we also knew which individuals that were hunted or died naturally, the capture probability was fixed to 1. 

Our models are multi-state models where each observation matches its underlying state (Pradel 2005).  

 

1. Matrix formulations in E-SURGE: 

The initial state probability matrix Π reports the probability of being in a given state when first 

encountered. In our case, a male moose was always first encountered as a newborn calf (in state 

NR) or as hunted (η). Our matrix has one row and five columns (i.e., it is not necessary to give the 

probability of the initial state dead †). 

                

 

 

1.1 Mortality and reproduction probabilities for all males. 

We used three transition matrices, which included the probability to be hunted (η), to die naturally (φ) and 

to reproduce (ψ). At last, we needed to define the matrix of event probabilities E, which reports the 

encounter probabilities.  

 The matrices Π, η, φ, ψ, and E had to be defined using the specific GEPAT (GEnerator of PATtern 

matrices) module. GEPAT notations ‘any letter’ denotes a parameter, "*" denotes the complement of the 

sum of positive row entries, and "-" denotes zeroes. The continuous generalized logit link function was used 

to constrain parameters within the range [0–1] (Choquet and Nogué 2011, Choquet et al. 2009).  

The probability matrices for the probability to be hunted (η), to die naturally (φ) and to reproduce 

(ψ) are as follows:  
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The matrix E is constant (over time and for the first and subsequent encounters) and is very simple 

since the probabilities of detection p for a live male are all equal to one: 
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Once the matrices are specified in the GEPAT module, we have to constraint the model, i.e., specify the 

linear model for each parameter, using the GEMACO module, and to fix several parameters to one or zero 

to take into account the particularities of our data. 

 

1.2 GEMACO script and biological constraints implemented in IVFV 

We show here the phrases in GEMACO for the best model according to AICc values. 

Phrase Initial state IS: to 

Phrase for step 1, Hunting: age(1)+age(2)+age(3,4,5:28).from  

Phrase for step 2, Natural mortality: age(1,2,3,4:28)  

Phrase for step 3, Reproduction: age(1)+age(2)+age(3,4:28)+age(3:28).from.to  

Phrase for Encounter: first.nexte.to   

Constraints implemented in the models (fixed parameters in IVFV): 

• Transition state 1 to state 4, age 1 and age 2 = 0. Since most of the mating season happens 

right before hunting season, males can potentially sire offspring the year after they were 

hunted. Therefore, for the hunted estimates (state 4), males were appointed state 4 the year 

after their potential offspring were born, except for offspring shot during first year. Eg: 4 – 

shot as 0.5 year old; 1114 – shot as 1.5 year old; 1124 – sired one or two offspring at age 2, 

but were hunted as 1.5 year old, 11134 – sired three or more offspring at age 3, but shot age 

2. So, for these transition estimates, we have no histories for age 2, since age 3 would be age 

1, age 4 would be age 2, age 5 would be 3 and age class 6+ would correspond to age class 4 

and older.   

• Transition state 1 to state 5, age 2 = 0. Since no 2 year old died of natural causes. 

• Transition state 1 to state 2, age 1 = 0. Since reproduction is not possible before age 2. 

 

2. Effect of age at first reproduction (AFR) 

Since breeders cannot be first seen as hunted, the initial state matrix is reduced to: 
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The transition matrices are equal to the matrices for the analysis with all males, but without natural 

mortality, since no breeders died of natural causes. We concentrated on estimating reproduction 

probabilities, keeping the effects of age and previous reproductive state on hunting probabilites constant 

(i.e. phrases for hunting probability alike, while changing reproduction probability phrases). 

 

2.1 GEMACO script 

The phrases in GEMACO for the best model according to AICc values: 

Phrase Initial state IS: to 

Phrase step 1, Hunting: age(1)+age(2)+age(3,4,5:28).from    

Phrase step 2, Reproduction: age(1)+age(2).primi(1).to+age(2).primi(2 3)+ age(3,4:28).primi(1,2 3).to    

Phrase Encounter: first.nexte.to   

 

IVFV: 

• All individuals are observed in state ψNR, so initial state probability is set to 1.  

• The same parameters are fixed as in step 1 (minus natural mortality transitions). 
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Table A1. Results from model selection of multistate models for estimation of hunting (η), natural 

survival (φ) and future reproductive performance (ψ) for male moose on Vega, Norway, 1984-2011, 

for a) all males and b) all males with at least one successful mating. Only the three first models with 

the lowest AICc value are shown. 

 (a)      Model specification: K ΔAICc AICc-w 

1.      21 0.000 0.484 

2.      22 1.021 0.290 

3.      20 2.748 0.122 

 (b)   Including AFR:    

1.       18 0.000 0.557 

2.       17 2.148 0.190 

3.       13 2.508 0.159 

Notes: The effects considered were variation between age classes (Age), previous reproductive state (PR), 
current reproductive state (CR), and age at first reproduction (AFR). The symbol “x” is used to denote the 
statistical interaction between the effects, while the symbol “+” is used for additive effects. K = number of 
parameters in the model. AICc weights (AICc-w), defined as the Male likelihood of a model given the data 
and set of models. The best model in A) had an AICc = 1259.558 and B) AICc = 483.817.  
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Table A2. Parameter estimates ± SE (95 % CI) for the transition probabilities (from à to states) of hunting 
mortality (η) and reproduction (ψ) for a) all male moose on Vega, Norway, 1984-2012, from the highest 
ranked models in Table A1, and b) reproduction (ψ) probabilities for males with at least one sired offspring, 
dependent on age class (Age) and age at first reproduction (AFR2 = reproduced as a two year-old; AFR3+ = 
reproduced as three years old or older). States: NR = no reproduction, ψ1-2 = sired one or two offspring, ψ3+ 

= sired three or more offspring. 

     Parameter estimates SE (95 % CI) 

 Age: Group:  To state:   

(a)   From state: η Ψ1-2 Ψ3+ 

 
1  NR 

0.45 ± 0.03  

(0.39; 0.52)   

 
2  NR 

0.52 ± 0.05  

(0.42; 0.62) 

0.09 ± 0.03 * 

(0.07; 0.18)  

 
  ψ1-2 

0.31 ± 0.13  

(0.12; 0.59)   

 
  Ψ3+ 

0.22 ± 0.14  

(0.06; 0.58)   

 
3  NR 

0.49 ± 0.08  

(0.33; 0.65) 

0.19 ± 0.05  

(0.11; 0.30) 

0.10 ± 0.03  

(0.05; 0.19) 

 
  ψ1-2 

0.40 ± 0.13  

(0.19; 0.65) 

0.28 ± 0.07  

(0.16; 0.44) 

0.38 ± 0.09  

(0.23; 0.55) 

 
  Ψ3+ 

0.33 ± 0.15  

(0.11; 0.67) 

0.35 ± 0.07  

(0.23; 0.49) 

0.57 ± 0.07  

(0.43; 0.71) 

 
4-11  NR 

0.57 ± 0.10  

(0.38; 0.76) 

0.32 ± 0.07  

(0.19; 0.48) 

0.17 ± 0.05  

(0.09; 0.30) 

 
  ψ1-2 

0.24 ± 0.07  

(0.13; 0.42) 

0.35 ± 0.07  

(0.22; 0.50) 

0.47 ± 0.08  

(0.32; 0.62) 

 
  Ψ3+ 

0.13 ± 0.05  

(0.06; 0.27) 

0.37 ± 0.07  

(0.25; 0.51) 

0.61 ± 0.07  

(0.46; 0.72) 

     ψ1-2 Ψ3+ 

(b) 
2 AFR2  

 0.61 ± 0.10  

(0.40; 0.78) 

0.39 ± 0.10  

(0.22; 0.60) 

 
3   

 0.27 ± 0.11  

(0.10; 0.53) 

0.53 ± 0.13  

(0.29; 0.76) 



 
4-11   

 0.31 ± 0.09  

(0.17; 0.50) 

0.66 ± 0.09  

(0.47; 0.80) 

 
3 AFR3+  

 0.46 ± 0.10  

(0.27; 0.65) 

0.08 ± 0.06  

(0.02; 0.28) 

 
4-11   

 0.37 ± 0.06  

(0.27; 0.49) 

0.46 ± 0.06  

(0.35; 0.58) 

Notes: * Probability to reproduce (any number of calves) for two year-olds. Natural mortality for all males: 
(φ) was 0.06 ± 0.02 (0.02; 0.10) for yearlings, 0.02 ± 0.02 (0.00; 0.11) for three year olds, 0.01 ± 0.01 (0.00; 
0.09) for five year olds and older, and zero for other ages. 

 


