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Appendix 1 

Assessing winter range use 
During winter, caribou movement rates decrease drastically over several weeks (Couturier et al. 

2010). We refer hereafter to this period of very low movement rates as the "winter break". At the 

end of the fall migration, caribou can immediately stop for the winter break or slow down and move 

on the wintering area before starting their winter break (Le Corre at al. 2017). In spring, most 

individuals start migrating directly at the end of the winter break but, in very rare occasions, 

departure can be preceded by a short period of low movements (Le Corre et al. 2014). These 

movements before or after winter breaks are characterized by intermediate movement rates relative 

to migration and winter break (Le Corre et al. 2014, 2017). We considered winter range use as the 

period between the end of the fall migration and departure for the spring migration. We combined 2 

methods to identify these two dates.  

We used the first-passage time analysis (FPT, Fauchald and Tveraa 2003) to characterize 

movements of an individual throughout the year. FPT estimates the search effort along a path. FPT 

corresponds to the time taken by an individual to cross circles of a given radius centred on each 

location of its path. Individuals are expected to slow down and increase their turning rates in areas 

of interest (increase in FPT) and to move fast and straight when travelling between patches of 

resources (decrease in FPT, Fauchald and Tveraa 2003). Applied to a broader scale, low FPT values 

are expected for fast and directional movements such as migration, while high FPT would be 

associated with slower movements expected on seasonal ranges (Le Corre et al. 2014). We then 

used a segmentation process (Lavielle 2005) to discriminate winter range use from migratory 

movements. This process segments a signal in homogeneous bouts, according to its mean, by 

locating breakpoints in the signal (Lavielle 2005). It does not require knowing the initial number of 

breakpoints. The method determines the best segmentation for any fixed number of segments, and 

then selects the most likely number of segments. See Lavielle 2005 for statistical details. 

To apply FPT and the segmentation process we added inter-location points every 12 hours, 

assuming linear movements with a constant speed between two caribou locations (Fauchald and 



Tveraa 2003, Le Corre et al. 2014). According to preliminary analysis from Le Corre et al. (2014), 

we set the circle radius at 25 km. We applied FPT on annual paths to obtain FPT profiles (Fig. A1). 

We used the mean of FPT values to segment FPT profiles. The minimal length of segments to be 

detected was set to 1 to allow for the detection of any segment and the maximum number of 

segments to be detected was set to 30. We performed the segmentation in two steps. We first 

applied a coarse segmentation on annual paths (1 August – 31 July) to identify the winter breaks, as 

the high contrast in FPT between the winter break and the rest of the year prevents the detection of 

shorter breaks (Le Corre et al. 2014). We then applied a finer segmentation to inter-winter paths to 

detect potential relocation movements before and after the winter break. We considered that winter 

range use started when FPT value suddenly increased in early winter and ended when FPT values 

suddenly declined in spring as caribou departed for their spring migration (Le Corre et al. 2014, 

2017). We used the corresponding breakpoints detected by the segmentation process. If a 

breakpoint corresponded to an inter-location point, we used the closest ‘real’ location to assess the 

beginning or the end of the winter break. For 15.7% of the FPT profiles (n = 104), the segmentation 

process failed to detect an increase in FPT at the end of the migration. For these profiles, we 

performed a visual examination of the paths and the profiles and searched for an increase in FPT or 

a clear change of direction occurring at the same period and in the same area as for other individuals 

that ended their migration the same year when no increase in FPT was visible. We discarded 

individuals for which we were not able to clearly identify the end of the fall migration (n = 18 

individual-year).  

For the Rivière-aux-feuilles, individuals sometimes shifted from the southern winter range 

to the northern winter range in the middle of winter. Thus, we considered two winter ranges. The 

first one was defined by the breakpoints corresponding to arrival on the winter range and the 

beginning of the relocation movement (Fig. A1). The second one was defined by the breakpoints 

corresponding to the end of the relocation movement and the departure of the spring migration.  

 

 



 
Figure A1. Annual paths with their respective FPT profiles of a) a female wintering on the southern 

winter range, and b) a female shifting from the southern winter range to the northern winter range 

during winter. Winter breaks are indicated in red on the path and on the FPT profile and calving 

ground are indicated in green. Dashed lines on the FPT profile correspond to the breakpoints 

detected by the segmentation process.  



Appendix 2 

Assessment of the clustering algorithm and of the optimal number of clusters 

To aggregate individuals that overwintered in the same area according to the coordinates of their 

mean winter location, we tested several clustering methods (Ward, single, complete, average, 

McQuitty, median, centroid, Charrad et al. 2014) and used the cophenetic correlation coefficient to 

identify the best clustering method (Legendre and Legendre 1998). This coefficient is based on a 

Pearson's correlation and estimates the goodness-of-fit between the distance matrix of the 

observations and the ultrametric distance matrix obtained from the clustering (Legendre and 

Legendre 1998). The average clustering method was the best for RGH (c = 0.845, Table A2.1) and 

the second one for RFH (c = 0.883) close to the centroid clustering method (c = 0.886). 

 

Table A2.1. Cophenetic correlation coefficient of the different hierarchical clustering algorithms 

tested to aggregate mean winter location of caribou from the Rivière-aux-feuilles (RFH) and 

Rivière-George herds (RGH). 
 

 RFH RGH 

Method 
cophenetic 

coefficient 

cophenetic 

coefficient 

Ward.D 0.873 0.754 

Single 0.867 0.773 

Complete 0.856 0.807 

Average 0.883 0.844 

McQuitty 0.876 0.798 

Median 0.805 0.800 

Centroid 0.886 0.790 

 

 

To assess the optimal number of clusters, we used the NBclust R function which looks at the 

number of clusters that received the most support from 30 different indices (details of the 30 indices 

are provided in the help of the NbClust R function and in Charrad et al. 2014). For RGH, 13 indices 

supported an optimal number of four clusters (Table A2.2). For RFH, 13 and 14 indices supported 

an optimal number of two clusters for clustering based respectively on the average and the centroid 

method. The two clusters found with the average and the centroid methods were the same. Thus, we 

used the average method for both herds in order to use a common approach. 



Table A2.2. Index values for the optimal number of clusters proposed by each index tested to 
determine the number of clusters generated by hierarchical cluster analyses of the mean winter 
locations of the caribou from the Rivière-aux-Feuilles (RFH) and the Rivière-George herds (RGH). 
We present results for the average clustering method for RFH and RGH and the centroid method for 
RFH.  

  RFH (average) RFH (centroid) RGH (average) 

Index Nb.clusters Index value Nb.clusters Index value Nb.clusters Index value 

KL 6 59.10 8 25.48 11 105.97 

CH 2 927.24 2 927.24 4 570.24 

Hartigan 5 250.49 12 285.1574 4 313.36 

CCC 2 55.28 2 55.28 2 44.06 

Scott 5 373.50 12 418.58 4 455.65 

Marriot 5 1.47E+26 12 3.42E+26 4 2.33E+26 

TrCovW 5 4.99E+24 5 3.05E+24 4 6.41E+25 

TraceW 5 3.30E+12 12 1.99E+12 4 6.44E+12 

Friedman 5 231.90 12 498.43 11 216.44 

Rubin 12 -112.16 12 -124.58 11 -59.49 

Cindex 14 0.26 2 0.28 4 0.27 

DB 2 5.21E-01 2 5.21E-01 3 0.64 

Silhouette 2 0.68 2 0.68 4 0.54 

Duda 2 0.82 2 0.82 4 0.65 

PseudoT2 2 16.72 2 16.72 4 26.23 

Beale 2 0.21 2 0.21 2 2.25 

Ratkowsky 2 0.48 2 0.48 3 0.46 

Ball 3 1.60E+12 3 1.60E+12 3 5.21E+12 

PtBiserial 2 0.85 2 0.85 4 0.75 

Gap NA NA NA NA 2 -0.14 

Frey 6 1.19 6 3.88 1 NA 

McClain 2 0.17 2 0.17 2 0.25 

Gamma 2 0.98 2 0.98 7 0.95 

Gplus 2 168.81 2 168.81 15 285.47 

Tau 4 13282.12 5 13636.27 4 14462.67 

Dunn 3 0.18 3 0.18 5 0.11 

Hubert 8 graphical 8 graphical 11 graphical 

SDindex 2 0.00 2 0 3 0.00 

Dindex 5 graphical 5 graphical 4 graphical 

SDbw 15 0.04 15 0.04 14 0.11 



Appendix 3 

Population estimates 

 

Table A3. Population estimates with 90% CI from aerial censuses, for the Rivière-George herd 

(RGH) and the Rivière-aux-feuilles herds (RFH). 

 

year herd estimate 90% CI 

1980 RGH 390100 85000 

1984 RGH 643600 161000 

1988 RGH 682100 246000 

1993 RGH 823000 104000 

2001 RGH 385000 108000 

2010 RGH 74000 13320 

2012 RGH 27600 2760 

2014 RGH 14200 710 

2016 RGH 8938 670 

1983 RFH 101000 43430 

1986 RFH 121000 56000 

1991 RFH 276000 75900 

2001 RFH 1193000 525000 

2011 RFH 430000 98900 

2016 RFH 199000 15920 

 



 

 
Figure A3. Annual estimates of population abundance for a) the Rivière-aux-Feuilles (RFH) and b) 

the Rivière-George (RGH) migratory caribou herds calculated from the census estimates presented 

with their 90% confidence interval (CI). Mean population abundance, calculated from the 1000 

population abundance time series (see methods for details), is indicated (dark grey solid line) with 

its 90% CI (dark grey dashed line).



Appendix 4 
Model selection for the probability of change of wintering area the following year 

 

Table A4.1. Summary of the selection procedure for linear mixed-models examining the effect of winter conditions on the probability for a female of 

the Rivière-aux-Feuilles migratory caribou herd to migrate to another wintering area the following year. We report number of parameters (k), AICc, 

∆AICc and AICc weights (ωi) for each model. Best models (∆AICc ≤ 2) are shown in bold. temp: temperature; precip: precipitation; swe: snow water 

equivalent; NAO: North Atlantic Oscillation; RFH/RGH pop: Rivières-aux-Feuilles/Rivière-George herd population size; Prev.winter : wintering area 

used. 

 

models k AICc ΔAICc ωi 
     

temp. February + precip. February + swe February 5 173.3 0.0 1 
temp. January + precip. January + swe Jannuary 5 188.2 15.0 0 

temp. March + precip. Mach + swe March 5 196.2 22.9 0 
     

RFH pop. + RGH pop. + Prev.winter 6 132.2 0.0 0.44 

temp. Feb. + precip. Feb + swe Feb. + RFH pop. + RGH pop. + Prev.winter 9 133.3 1.1 0.25 
NAO winter + RFH pop. + RGH pop. + Prev.winter 7 134.2 2.0 0.16 
temp. Feb. + precip. Feb + swe Feb. + NAO winter + RFH pop. + RGH pop. + Prev.winter 10 135.3 3.1 0.09 

NAO winter + RFH pop. + RGH pop. 5 138.4 6.2 0.02 

RFH pop. + RGH pop. 4 139.1 6.9 0.01 

temp. Feb. + precip. Feb + swe Feb. + RFH pop. + RGH pop. 7 139.5 7.3 0.01 

temp. Feb. + precip. Feb + swe Feb. + NAO winter + RFH pop. + RGH pop. 8 141.3 9.1 0 

temp. Feb. + precip. Feb + swe Feb. + NAO winter + Prev.winter 8 149.4 17.2 0 



temp. Feb. + precip. Feb + swe Feb. + Prev.winter 7 153.4 21.2 0 

NAO winter + Prev.winter 5 162.8 30.6 0 

Prev.winter 4 164.5 32.3 0 

temp. Feb. + precip. Feb + swe Feb. 5 179.0 46.8 0 

temp. Feb. + precip. Feb + swe Feb. + NAO winter 6 180.6 48.4 0 

Null 2 196.8 64.7 0 

NAO winter 3 198.9 66.7 0 

 



Table A4.2. Summary of the selection procedure for linear mixed-models examining the effect of winter conditions on the probability for a female 
from the Rivière-George migratory caribou herd to migrate to another wintering area the following year. We report number of parameters (k), AICc, 
∆AICc and AICc weights (ωi) for each model. Best models (∆AICc ≤ 2) are shown in bold. temp: temperature; precip: precipitation; swe: snow water 
equivalent; NAO: North Atlantic Oscillation; RFH/RGH pop: Rivières-aux-Feuilles/Rivière-George herd population size; Prev.winter : wintering area 
used. 

models k AICc ΔAICc ωi 
     

temp. January + precip. January + swe January 5 222.5 0.0 0.86 
temp. February + precip. February + swe February 5 226.4 3.9 0.12 

temp. March + precip. March + swe March 5 231.0 8.5 0.01 
     

temp. Jan. + Precip. Jan + swe Jan. + Prev.winter 8 204.8 0.0 0.4 
RFH pop. + RGH pop. + Prev.winter 7 206.8 1.9 0.15 
temp. Jan. + Precip. Jan + swe Jan. + NAO winter + Prev.winter 9 207.0 2.2 0.13 

Prev.winter 5 207.5 2.6 0.11 

NAO winter + RFH pop. + RGH pop. + Prev.winter 8 208.5 3.7 0.06 

NAO winter + Prev.winter 6 208.6 3.8 0.06 

temp. Jan. + Precip. Jan + swe Jan. + RFH pop. + RGH pop. + Prev.winter 10 208.7 3.9 0.06 

temp. Jan. + Precip. Jan + swe Jan. + NAO winter + RFH pop. + RGH pop. + Prev.winter 11 210.9 6.0 0.02 

temp. Jan. + Precip. Jan + swe Jan. 5 225.8 21.0 0 

temp. Jan. + Precip. Jan + swe Jan. + NAO winter 6 228.0 23.1 0 

temp. Jan. + Precip. Jan + swe Jan. + RFH pop. + RGH pop. 7 229.0 24.2 0 

temp. Jan. + Precip. Jan + swe Jan. + NAO winter + RFH pop. + RGH pop. 8 231.2 26.3 0 

RFH pop. + RGH pop. 4 241.0 36.1 0 

NAO winter + RFH pop. + RGH pop. 5 242.7 37.8 0 

NAO winter 3 253.4 48.5 0 

Null 2 253.5 48.7 0 



Appendix 5 
Effects of population size uncertainty on random forest classification 
To assess potential effects of the uncertainty in the Rivière-aux-Feuilles (RFH) and Rivière-George 

(RGH) population size on RFH random forest classification, we ran random forests using time 

series leading to different cumulative population sizes. We used population time series defined in 

the method section. For both herds, we selected 11 time series leading to the minimal, the maximal 

and the time series corresponding to intermediate cumulative population sizes, as well as the time 

series corresponding to the median cumulative population size (Fig. A5.1). 

 
Figure A5.1. Population time series of (a) the Rivière-aux-Feuilles and (b) the Rivière-George herds 

used to assess the effect of the population size uncertainty on random forest classification. Gray 

scale reflects cumulative population size. The population time series leading to the median 

cumulative population size is indicated in red. 

 

 

Effect of RFH population size uncertainty on the RFH random forest classification 
We ran a random forest using the minimal RFH population time series for the RFH population size 

predictor and the time series corresponding to the median cumulative population size of RGH for 

the RGH population size predictor. The other variables (NDVI, temperatures, precipitation, snow 

water equivalent) are described in the Method section. We ran the random forest as described in the 

Random forest classification section then we extracted variable importances and ranked them 



accordingly. We reran the random forest 50 times to account for the inherent variability of the 

method and calculated the average rank of importance for each variable. 

We repeated the process using maximal and intermediate RFH population time series for the 

RFH population size predictor. Mean rank of importance (+/- SD) of variables for the 11 times 

series (minimal, maximal, in-between deciles time series) were reported in Fig. A5.2. 

 

Effect of RGH population size uncertainty on the RFH random forest classification 
We used the same approach as described above using: 

- RFH population size predictor: median RFH population time series. 

- RGH population size predictor: minimal, maximal and intermediate RGH population time series. 

Mean rank of importance of variables were reported in Fig. A5.3. 

 

Finally, we followed the same approach to assess the effects of the uncertainty in RFH and RGH 

population size on RGH random forest classification (Fig. A5.4 and A5.5). 



 

 
Figure A5.2. Variation in the rank of importance of predictors as determined by random forest 

classification to explain the choice of a winter area for caribou of the Rivière-aux-Feuilles herd 

(RFH) using different potential population time series for the RFH population size predictor. Mean 

rank are presented +/- SD. Each random forest used for the RFH population size predictor the 

population time series leading to the minimal, maximal and in-between deciles of cumulative RFH 

population sizes. Cumulative RFH population sizes are indicated on the x-axis. Temp: temperatures; 

Precip: precipitation; swe: snow water equivalent; Aug: August; Sep: September; Oct: October. 

 



 

 
Figure A5.3. Variation in the rank of importance of predictors as determined by random forest 

classification to explain the choice of a winter area for caribou of the Rivière-aux-Feuilles herd 

(RFH) using different potential population time series for the Rivière-George (RGH) population 

size predictor. Mean rank are presented +/- SD. Each random forest used for the RGH population 

size predictor the population time series leading to the minimal, maximal and in-between deciles of 

cumulative RGH population sizes. Cumulative RGH population sizes are indicated on the x-axis. 

Temp: temperatures; Precip: precipitation; swe: snow water equivalent; Aug: August; Sep: 

September; Oct: October. 



 Figure 
A5.4. Variation in the rank of importance of predictors as determined by random forest 

classification to explain the choice of a winter area for caribou of the (RGH) using different 

potential population time series for the Rivière-aux-Feuilles (RFH) population size predictor. Mean 

rank are presented +/- SD. Each random forest used for the RFH population size predictor the 

population time series leading to the minimal, maximal and in-between deciles of cumulative RFH 

population sizes. Cumulative RFH population sizes are indicated on the x-axis. Temp: temperatures; 

Precip: precipitation; swe: snow water equivalent; Aug: August; Sep: September; Oct: October. 



 Figure 
A5.5. Variation in the rank of importance of predictors as determined by random forest 

classification to explain the choice of a winter area for caribou of the (RGH) using different 

potential population time series for the RGH population size predictor. Mean rank are presented +/- 

SD. Each random forest used for the RGH population size predictor the population time series 

leading to the minimal, maximal and in-between deciles of cumulative RGH population sizes. 

Cumulative RGH population sizes are indicated on the x-axis. Temp: temperatures; Precip: 

precipitation; swe: snow water equivalent; Aug: August; Sep: September; Oct: October. 

 

 



Appendix 6 
Fall movements and wintering area use of the Rivière-aux-Feuilles and Rivière-

George herds 
 

 
Figure A6. Examples of fall migrations for the Rivière-aux-Feuilles herd (a) before 2000 (1997 to 

1999) and (c) after 2000 (2009 to 2011), and for the Rivière-George herd (b) before 2000 (1991-94-

96-99) and (d) after 2000 (2009 to 2011). Winter location and centroids of individual wintering 

areas for e) the Rivière-aux-Feuilles and f) the Rivière-George herds. 



Appendix 7 
Yearly distribution of the individuals across the different wintering areas for the 

Rivière-aux-Feuilles and the Rivière-George herds 
 

Table A7.1. Number of collared individuals from the Rivière-aux-Feuilles herd within each 

wintering area for each year. 

 

Year NWarea SWarea SHIFT Total indiv. 

1992  1  1 

1994 6   6 

1995 9 2  11 

1996 7 2  9 

1997 5 5  10 

1998 2 1 6 9 

1999 3 2 5 10 

2000 5 5  10 

2001  1 11 12 

2002 3 4 3 10 

2003 1 7  8 

2004  9  9 

2005 1 5 1 7 

2006 4 4 7 15 

2007  21  21 

2008  20  20 

2009  28  28 

2010  22  22 

2011  34  34 

2012  41  41 

Total 46 214 33 293 

 



Table A7.2. Number of collared individuals from the Rivière-George herd within each wintering 

area for each year. 

 

Year NWarea SWarea LABarea CENarea Total indiv. 

1990 2 1   3 

1991 4 1   5 

1992 9 3  3 15 

1993 2  13 1 16 

1994 2 1 10 2 15 

1995  9 7 1 17 

1996   16 5 21 

1997 3  3 10 16 

1998  3 16 2 21 

1999  3 16  19 

2000 8  4 5 17 

2001 1 2 4 9 16 

2002  9 1 6 16 

2003  2 9 2 13 

2004  2 3 3 8 

2005 1 2 8  11 

2006  1 8 5 14 

2007   16  16 

2008  2 15 5 22 

2009   29  29 

2010   21  21 

2011   13  13 

2012   3 9 12 

Total 32 41 215 67 356 

 



Appendix 8 
Partial-dependence plots of all predictors from the random forest classification to explain the choice of wintering area of the 
Rivière-aux-Feuilles and the Rivière-George herds 
 
 
 
Figure A8.1. 
Partial-dependence plots for 
the population and resources 
variables according to the 
random forest classification 
for each winter area location 
for the Rivière-aux-Feuilles 
herd (NWarea, SWarea, 
SHIFT). We averaged 
partial-dependence with 
standard deviation (grey 
area) from 1000 random 
forests. Variables are 
presented from left panels to 
right panels for each winter 
area. Tick marks on the x-
axes indicate the deciles of 
the variable distribution. 

 
 
 
 



 
Figure A8.2. Partial-
dependence plots for the 
climate variables according 
to the random forest 
classification for each winter 
area location for the Rivière-
aux-Feuilles herd (NWarea, 
SWarea, SHIFT). We 
averaged partial-dependence 
with standard deviation (grey 
area) from 1000 random 
forests. Variables are 
presented from left panels to 
right panels for each winter 
area. Tick marks on the x-
axes indicate the deciles of 
the variable distribution. 

 
 



Figure A8.3. Partial-
dependence plots for the 
population and resources 
variables according to the 
random forest classification 
for each winter area location 
for the Rivière-George herd 
(NWarea, SWarea,  
LABarea, CENarea). We 
averaged partial-dependence 
with standard deviation 
(grey area) from 1000 
random forests. Variables 
are presented from left 
panels to right panels for 
each winter area. Tick 
marks on the x-axes indicate 
the deciles of the variable 
distribution. 

 
 



Figure A8.4. Partial-
dependence plots for the 
climate variables according 
to the random forest 
classification for each 
winter area location for the 
Rivière-George herd 
(NWarea, SWarea,  
LABarea, CENarea). We 
averaged partial-dependence 
with standard deviation 
(grey area) from 1000 
random forests. Variables 
are presented from left 
panels to right panels for 
each winter area. Tick 
marks on the x-axes indicate 
the deciles of the variable 
distribution. 
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