
Appendix S2 

Intrinsic and environmental drivers of pairwise cohesion in wild Canis social groups 

John F. Benson, David A. Keiter, Peter J. Mahoney, Benjamin L. Allen, Lee Allen, Francisco 
Álvares, Morgan L. Anderson, Shannon M. Barber-Meyer, Adi Barocas, James C. Beasley, 
Linda Behrendorff, Jerrold L. Belant, Dean E. Beyer, Jr., Luigi Boitani, Bridget L. Borg, Stan 
Boutin, Erin E. Boydston, Justin L. Brown, Joseph K. Bump, Jonathon D. Cepek, Michael J. 
Chamberlain, Yvette M. Chenaux-Ibrahim, Seth G. Cherry, Duško Ćirović, Paolo Ciucci, H. 
Dean Cluff, Susan M. Cooper, Kevin R. Crooks, Daniel L. J. Dupont, Robert N. Fisher, Daniel 
Fortin, Thomas D. Gable, Emilio García, Eli Geffen, Stanley D. Gehrt, Michael Gillingham, 
Douglas C. Heard, Mark Hebblewhite, Joseph W. Hinton, Austin T. Homkes, Chris G. Howden, 
Djuro Huber, Pat J. Jackson, Kyle Joly, Allicia Kelly, Marcella J. Kelly, Katrien A. Kingdon, 
Abhijeet Kulkarni, Josip Kusak, Gerald W. Kuzyk, Bryce C. Lake, Luis Llaneza, José Vicente 
López-Bao, Daniel R. MacNulty, Ashley A.D. McLaren, Philip D. McLoughlin, Evelyn H. 
Merrill, Kenneth J. Mills, Numi Mitchell, Seth A. Moore, Matthew A. Mumma, Maureen H. 
Murray, Marco Musiani, Mónia Nakamura, Eric W. Neilson, Lalenia M. Neufeld, Thomas M. 
Newsome, John K. Oakleaf, Vicente Palacios, Marlo M. Perdicas, Thomas Perry, Tyler R. 
Petroelje, Cyrenea B. Piper, Christina M. Prokopenko, Laura R. Prugh, Seth P. D. Riley, Helena 
Rio-Maior, Gretchen H. Roffler, Dale Rollins, Håkan Sand, Fiona K. A. Schmiegelow, Dale R. 
Seip, Mathew S. Sorum, Colleen C. St. Clair, Robin Steenweg, Michael W. Strohbach, Jack 
Tatler, Maria Thaker, Connor A. Thompson, Julie W. Turner, Abi T. Vanak, Eric Vander Wal, 
Petter Wabakken, Scott E. Walter, Sarah C. Webster, Tyler J. Wheeldon, Camilla Wikenros, 
Steve K. Windels, Julie K. Young, Sana Zabihi-Seissan, Barbara Zimmermann, and Brent R. 
Patterson

Ecology 



Appendix S2. Supplementary Methods.  

Section S1:Admixture designation.

We had 10 canid pairs with mixed canid ancestry from a 3-species hybrid zone (eastern wolves, 

gray wolves, eastern coyotes) in Ontario, Canada (Benson et al. 2012). We estimated the 

proportion of their ancestry derived from each of the three species with a genetic structure 

analysis of genotypes at 12 microsatellite loci implemented in program Structure (v.2.3.4; 

Pritchard et al. 2000). We considered canids with ≥80% of their ancestry assigned to a single 

species (eastern wolf, gray wolf, or eastern coyote) to be highly assigned to that group, whereas 

canids with <80% for all species were considered admixed (Benson et al. 2012). We excluded 

one pair that had both substantial wolf and coyote ancestry (a highly assigned coyote and a canid 

with 79% combined wolf ancestry). We considered pairs with one highly assigned canid and one 

admixed animal to belong to the species of the highly assigned animal. There were eight 

additional pairs where both animals were admixed but the majority of ancestry was derived from 

the two wolf species. In four of these pairs, both animals had >80% wolf ancestry (combined 

eastern wolf and gray wolf). In the remaining three pairs, 1 animal had ≥80% combined wolf 

ancestry and the other animal had ≥ 69% mean wolf ancestry. For these 7 pairs with mixed wolf 

ancestry, we considered them to be wolf pairs, but only included them in analyses where no 

distinction was made between the different wolf species. Importantly, these admixed wolves 

were extremely consistent in their social cohesion with the parental groups, eastern wolves and 

gray wolves (see Fig. 2A in main text). 

Section S2: Biological seasons



We estimated cohesion within three biologically meaningful seasons structured around the 

annual estimated parturition date for canids in a given study area. Breeding females in wolf and 

coyote packs give birth in dens during spring or early summer where the pups spend most of 

their first 6-8 weeks (Mech & Boitani, 2003). After leaving the den, wolves and coyotes use a 

succession of pup-rearing (rendezvous) sites until fall, when the pups begin to move with the rest 

of the pack throughout the winter (Mech & Boitani, 2003). 

Section S3: Relationship between cohesion and monitoring days

We investigated the relationship between the number of monitoring days within seasons and our 

estimates of cohesion to identify an appropriate minimum number of monitoring days needed to 

estimate seasonal cohesion between canid pairs. Specifically, we generated cohesion values with 

increasing numbers of monitoring days for each pair in which we calculated the difference 

between each estimated cohesion value and the value based upon one additional monitoring day. 

This involved estimating cohesion for the first day of monitoring and subtracting that value from 

the cohesion estimate with two days of monitoring, then subtracting the estimate of cohesion 

from two days of monitoring from three days of monitoring, and so on. This allowed us to 

evaluate the number of days needed to reach relatively stable seasonal cohesion values that no 

longer changed appreciably as the monitoring period increased. We generated these daily 

differences in cohesion from the previous days estimate (y values) and plotted them against the 

number of monitoring days (x values) to visually inspect the data. We expected that canid pairs 

might vary their cohesion within seasons relative to changing ecological context, such that we 

did not require the relationship to be without variation even with large numbers of monitoring 

days. However, inspecting the plots indicated that largest variation in this relationship generally 

stabilized in each season within the first 20 days of monitoring (Fig. S1-S3).  



Section S4: Seasonal home range estimation

We estimated seasonal home ranges for each canid with 95% adaptive local convex hulls (a-

LoCoH) with the ‘a’ parameter set to the distance between the farthest two locations for each 

individual (Getz et al., 2007). For animals with variable fix schedules within a given season, we 

subsampled to a consistent fix schedule to ensure that data were collected at regular intervals for 

each animal. We used these local convex hull home ranges to estimate environmental conditions 

(i.e. variation in precipitation, human landscape alteration) for wolves and coyotes as described 

in the main text (see Methods, Estimating cohesion) and below (Additional details of predictor 

variables). We also estimated the proportion of both animal’s home range that overlapped with 

the other and then generated a single overlap value for each pair by raising the product of the two 

proportions to the power of 0.5 (Minta, 1992).  

We also estimated seasonal home ranges using 95% autocorrelated kernel density 

estimators (Noonan et al. 2019). We used the utilization distributions from these kernel density 

home ranges to estimate the probability of overlap of both individuals with other in the pair as 

described by Fieberg and Kochanny (2005). We then generated a single overlap value for each 

pair by raising the product of the two proportions to the power of 0.5 (Minta, 1992). These kernel 

density estimates included large areas not containing telemetry locations that inflated home and 

overlap estimates relative to the local convex hull home ranges that were much more faithful to 

the telemetry data (Fig. S4-S9). Thus, we used the local convex hull home range estimates and 

associated overlap values for our main analyses to avoid including large areas not used by the 

animals in our estimates of shared space. However, we provided home range overlap values for 

wolves and coyotes from both the adaptive local convex hull and autocorrelated kernel home 

ranges for comparative purposes (Appendix S5: Table S2). 



Section S5: Additional details of predictor variables

We also created a categorical variable for the dominant (estimated or presumed by researchers) 

prey in the diet of canids within each study area. For wolves, this was large ungulates (moose 

[Alces alces], muskox [Ovibos moschatus], elk [Cervus elaphus], cattle/horses), small ungulates 

(white-tailed deer [Odocoileus virginianus], black-tailed deer [O. heminonus], caribou [Rangifer 

tarandus]), or garbage (Israel study). We combined garbage with small ungulates in our models 

as the reference category to investigate whether cohesion was higher when primary prey were 

large ungulates compared to other food sources. For coyotes, the primary prey categories were 

small ungulates (generally neonates), small mammals (lagomorphs and rodents), or scavenging 

of large prey. Although all coyotes probably scavenged at some point, only a single study (in 

Denali National Park, Alaska, USA) identified scavenging as the primary food source for 

coyotes. We combined small ungulates with scavenging as the reference category in our models 

to evaluate whether pairs of coyotes feeding primarily on larger prey were more cohesive than 

those feeding on smaller prey. 

Coyotes in eastern North America are larger and appear to prey on ungulate prey more 

than western coyotes, which may be due to historical or contemporary hybridization with wolves 

(Benson et al., 2012). Thus, we included a variable that separated coyotes from eastern and 

western North America to evaluate whether cohesion of coyotes differed by region. Specifically, 

we classified coyotes from Alabama, Georgia, North Carolina, Illinois, Ohio, Ontario (Canada), 

Rhode Island, and South Carolina as eastern coyotes. We classified coyotes from Alaska, Alberta 

(Canada), California, Nevada, western Texas, and Utah as western coyotes. Coyotes from Illinois 

(tracked in Chicago) were the westernmost population that we classified as eastern coyotes. 

Thus, because they could be intermediate in terms of western and eastern coyote ancestry, we 



also tried a second analysis with these pairs classified as western coyotes. This resulted in no 

changes to our results so we made inference on our main analysis with Illinois coyotes classified 

as eastern coyotes. 

Additionally, we estimated spatial variables within shared portions of home ranges using 

data available from Google Earth Engine to investigate the influence of environmental variables 

and human disturbance. We estimated variation in precipitation across seasonal monitoring 

periods using the total estimated daily precipitation values from the ERA5 aggregate data 

generated from the latest climate reanalysis by European Centre for Medium-Range Weather 

Forecasts/Copernicus Climate Change Service. Specifically, we estimated the coefficient of 

variation (CV = standard deviation/mean) of daily precipitation for each pixel (0.25 degree 

resolution) within shared home ranges and averaged across these values to generate a mean CV 

for each season-pair combination. We also estimated the proportion, intensity, and type of 

anthropogenic modification of the landscape within each home range using the Global Human 

Modification dataset (Conservation Science Partners; Kennedy et al., 2019) to test our prediction 

that cohesion declines with increasing human alteration of the landscape. Given that we expected 

cohesion to be higher during winter (Benson & Patterson, 2015), we predicted that 

anthropogenic activities would influence pair associations most during this season when 

cohesion is strongest. 
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Fig. S1. Relationship between cohesion values for pairs of canids within social groups and the number of monitoring days used to 

estimate cohesion for wolves and coyotes during den season, 2003 – 2019.
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Fig. S2. Relationship between cohesion values for pairs of canids within social groups and the number of monitoring days used to 

estimate cohesion for wolves and coyotes during rendezvous season, 2003 – 2019. 
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Fig. S3. Relationship between cohesion values for pairs of canids within social groups and the number of monitoring days used to 

estimate cohesion for wolves and coyotes during winter season, 2003 – 2019. 
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Fig S4. Rendezvous season home ranges for a wolf on Michipicoten Island, Ontario, Canada estimated with local convex hull (blue) 
and autocorrelated kernel density (red) estimators using the same telemetry data. Note that the autocorrelated kernel density estimate 

includes large areas outside of the telemetry locations including open water of Lake Superior, whereas the local convex hull estimate 

remains consistent with the location data. 

0 10 20 30 40 KM

² Telemetry Data
Kernel Home Range
Convex Hull Home Range



Fig. S5. Home ranges estimated for a wolf using adaptive local convex hull (purple) and 
autocorrelated kernel density estimators with the same telemetry data. Note that kernel 
home range includes large areas outside of the telemetry data whereas the convex hull 
home range remains more faithful to the telemetry data.
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Fig. S6. Home ranges estimated for a wolf using adaptive local convex hull (purple) and 
autocorrelated kernel density estimators with the same telemetry data. Note that kernel 
home range includes large areas outside of the telemetry data whereas the convex hull 
home range remains more faithful to the telemetry data.
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Fig. S7. Home ranges estimated for a wolf using adaptive local convex hull (purple) and 
autocorrelated kernel density estimators with the same telemetry data. Note that kernel 
home range includes large areas outside of the telemetry data whereas the convex hull 
home range remains more faithful to the telemetry data.
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Fig. S8. Home ranges estimated for a wolf using adaptive local convex hull (purple) and 
autocorrelated kernel density estimators with the same telemetry data. Note that kernel 
home range includes large areas outside of the telemetry data whereas the convex hull 
home range remains more faithful to the telemetry data.
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