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INTRODUCTION 

Like many other goose populations worldwide, Greater Snow Geese (Anser caerulescens 
atlanticus) have increased considerably during the late 20th century. The exploding population has 
imposed considerable stress on its breeding habitat, while extensive use of agriculture lands provides 
an unlimited source of food during winter and migratory stopovers for them. Remedial management 
actions during autumn, winter and spring have been undertaken since 1999 in Canada and 2009 in the 
United States to curb the growth of this population. A synthesis report produced in 2007 evaluated 
the initial success of these special conservation measures. However, both the Avian Monitoring 
Review Steering Committee Final Report and the Greater Snow Goose Action Plan released in 2012 
by the Canadian Wildlife Service called for a continued monitoring of the dynamic of this population 
and of its habitats. In response to those needs, the long-term goals of this project are to (1) monitor 
changes in the demographic parameters of the Greater Snow Goose population, and especially the 
effects of the spring conservation harvest on those parameters, (2) determine the role of food 
availability and predation in limiting annual production of geese, and (3) monitor the impact of 
grazing on the Arctic vegetation.  

Original activities planned for this project in 2020 included studying of goose migration and 
reproduction, goose banding, monitoring of lemming abdundance, monitoring of avian predators 
and fox reproduction, sampling plant production in wetlands and monitoring weather and snow 
melt on Bylot Island, Nunavut. However, in 2020 all Arctic fieldwork was canceled in Nunavut 
because of the COVID-19 pandemic. In response to this exceptional situation, we developped an 
alternative plan that relied on biologging and remote sensing technologies to infer some of the key 
parameters related to the population dynamic of Greater Snow Geese and thus achieve some of 
our initial objectives.  

OBJECTIVES 

Our revised, specific goals for 2020 were as follows: 

1) Measure the snowmelt on Bylot Island, an important determinant of goose reproductive effort 
in the Arctic. 

2) Study the migration phenology of Greater Snow Geese and its impact on reproductive success. 

3) Estimate the breeding phenogly, nesting density and nesting success of Greater Snow Geese.  

4) Estimate the breeding activity of Snowy Owls (Bubo scandiacus) and use this information to 
infer lemming abundance, a key variable affecting goose nesting success.  
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STUDY SITES 

Our main field research activities are conducted primarily at two sites on Bylot Island, Nunavut: 
the Qarlikturvik Valley, which is the largest glacial valley on the island and a prime brood-rearing 
area (73°08' N, 80°00' W), and the Camp 2 area, located in a narrow valley 30 km south of the 
Qarlirturvik Valley at the core of the main goose nesting colony (72°53' N, 79°54' W). Our 
analyses using remote sensing data in 2020 focused on the same sites. Fieldwork was also 
conducted in spring 2020 at Île-aux-Oies (47°08' N, 70°28' W), a site located in the heart of the 
goose staging area in southern Quebec, where adult female Greater Snow Geese were equipped 
with GPS transmistters. 

METHODS 

Environmental and weather data.    Since we were unable to retrieve data from our 
automated weather stations on Bylot Island during the summer, we extrapolated mean daily air 
temperature from the Copernicus ERA5-Land hourly reanalysis dataset 
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=overview). ERA5 
combines model data with observations from across the world into a globally consistent dataset at 
a 0.1o x 0.1o scale. A comparison of hourly temperature between data collected at the Bylot Island 
weather tation and the ERA5 reanalysis data showed that both datasets was highly correlated (R2 = 
0.93). To make the 2020 data comparable to previous years, we transformed the ERA5 data using 
predictive equations derived from the analyses of the two datasets over the period 2017-2019.  

We studied the snowmelt in the lowlands of the Qarlikturvik Valley (the site of our long-
term field monitoring, Fig. 1) using data recorded by MODIS (Moderate Resolution Imaging 
Spectroradiometer), an instrument on board the Terra satellite that collects the reflectivity of the 
earth surface daily with a 500-m spatial resolution. We used the MOD10A1 product (version 6), a 
dataset containing fractional snow cover from 0 to 100% for each 500-m pixel 
(search.earthdata.nasa.gov/search). Data was downloaded for the period of 15 May to 30 June 
2020 and provided a daily value of fractional snow cover for each pixel covering the Qarlikturvik 
Valley. Pixels with a fractional snow cover >40% were identified as ‘snow’ pixels while pixels 
with a fractional snow cover ≤40% were considered ‘snow-free’. The ratio between the number of 
snow pixels and the total number of pixels covering our study area provided us with a snow cover 
for the valley. We discarded days where <30% of the study area was visible to the MODIS sensors 
due to cloud cover. To approximate snow cover for days with missing data, we performed a linear 
interpolation between days with valid MODIS data (number of consecutive days without data 
ranged from 0 to 11 days anually). To validate our remote-sensing snow-cover estimate, we 
compared the date of 50% snow cover inferred from the MODIS data with the same date estimated 
by our field monitoring of snow cover (visual evaluation recorded every 2-3 days) over the period 
2000 to 2019. 

Tracking of GPS-marked geese.   Since 2019, we have equipped with GPS/GSM 
transmitters 17 adult female Greater Snow Geese captured during spring staging in Quebec. Five 
of the 10 transmitters deployed in 2019 were still working in spring 2020 and we equipped an 
additional seven females with the same transmitters (OrniTrack-N44 – solar powered neck collar 
GPS-GSM tracker). Hence, we were able to monitor the migration pattern of 12 adult females from 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=overview
https://search.earthdata.nasa.gov/search
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southern Quebec to the Arctic in 2020. Four of these 12 birds had been previously banded on Bylot 
Island and were used to determine their arrival dates at this site, and to estimate their laying and 
hatching dates and clutch size. 

Nesting attempt and laying date were determined by analyzing the movements of GPS-
marked birds once they had reached the Arctic. Geese usually wander around when feeding during 
the pre-laying period. When the goose movements started to be clustered (within a radius of ~75 
m) around one location (presumed to be the nest location), this date was chosen as the laying date. 
When the bird movements started to be even more concentrated around this location (within a 
radius of ~25 m), this date was used as an estimation of the start of incubation. When the locations 
suddenly started to be spread over a wide area again, this date was considered to be the departure 
date from the nest. If the inferred duration of the incubation period (difference between the 
departure and incubation start dates) was close to the average length of the incubation period of 
snow geese (i.e., 23 days), the breeding attempt was deemed to be successful, and if shorter it was 
considered a failure. Considering that parents leave the nest with their young about 24 hours after 
hatching, hatching date was estimated as the day before the inferred departure date in successful 
nests considered. Clutch size was estimated using the following equation: hatch date – incubation 
length (23 d) – laying date. 

Monitoring of goose nesting activity.    A validation study conducted on a satellite image 
taken in 2015 showed that high resolution satellite images could be used to identify nesting Greater 
Snow Geese (see Appendix 1) and we applied this method in 2020. We acquired three high-
resolution (30 cm), orthorectified and georeferenced WorldView-3 images of portions of Bylot 
Island on two different dates in 2020. Image 1 was taken on 17 June 2020 and images 2 and 3 on 
2 July 2020 (Fig. 1). Images 1 and 2 covered the main snow goose colony at the beginning and the 
end of the incubation period in a typical year, while Image 3 covered the Qarlikturvik Valley and 
nearby areas, which is the main study area for monitoring avian predators and lemmings, also 
during the late incubation period of geese.  

Goose detection was carried out on Images 1 and 2 over the same two areas where goose 
nesting activity was monitored in the field in previous years. The first one is a 20-ha area located 
in the centre of the colony and is intensively studied every year (this area largely encloses the one 
used in the pilot study in 2015; see above and Appendix 1). The second area is composed of a 
variable number of 1 and 2-ha plots randomly located throughout the colony. Detection of geese 
was carried out manually on enlargement of these images by three observers independently, and 
each white dot was digitized in a GIS software. To determine goose pairs, we performed 
independent cluster analyses on the white dots detected in June and July (see Appendix 2, section 
2.1). Two white dots that were ≤15 m from each other were considered a nesting pair. We then 
merged the positions of goose pairs detected in June and July over the same area and identified 
pairs that were close enough (~20 m) to be considered the same nesting pair (for details, see 
Appendix 2, section 2.2). We then obtained a number of pairs present on both the June and July 
images and of pairs only present on the June or on the July image. We summed all these numbers 
and, assuming that each of those pairs was associated with a nest, we calculated nest density over 
the 20-ha area monitored every year and random plots located throughout the colony (see 
Appendix 2, section 2.3).  
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Nesting success was determined by comparing goose nesting pairs detected on the images 
in June and July. When the same nesting pair was detected in both images, we considered that their 
nest had survived over the time period between the two images. A nest was considerend to have 
failed when a nesting pair detected in June could not be matched on the July image. As this 
estimation of nesting success spanned the period between the two satellites images (15 days), we 
adjusted it to the whole nesting period (27 days) to make it comparable to other years (see 
Appendix 2, section 2.4). 

Monitoring Snowy Owl nesting activity and lemming estimation.    The search for 
potential Snowy Owls nests was carried out on the WorldView-3 Image 3 taken in 2020 (see Fig. 
1) within a 59-km2 area of the Qarlikturvik Valley traditionally searched for the presence of Snowy 
Owls in the field over the period 1993-2019. It was not possible to differentiate owls from geese 
on the image due to their similar body size. However, we took advantage from the fact that when 
Snowy Owls are nesting on Bylot Island, their nests are almost always surrounded by an 
aggregation of snow goose nests (Tremblay et al. 1997, Bêty et al. 2001). Using the same approach 
as in the goose colony, one observer manually digitized white dots (geese) detected of the image 
in a GIS software and we performed a cluster analysis on the white dots detected to identify 
potential goose nesting pairs (see Appendix 3, section 3.1 for details). We performed a second 
cluster analysis on these goose pairs to identify aggregations of goose nests that could be associated 
with Snowy Owl nests (for details, see Appendix 3, sections 3.2 and 3.3). We used the number of 
goose nest aggregations identified by this analysis as an estimate of Snow Owl nests and divided 
it by the size of the surveyed area to obtain their density. 

The estimated density of Snowy Owl nests was used to infer lemming density. Therrien et al. 
(2014) showed a strong relationship between owl nests and lemming densities on Bylot Island. We 
updated this relationship based on data collected over the period 1993-2019 and used it for our 
estimation (equation: owl density = 0.2232/(1+e-(lemming density-5.2693)/1.3746). 

PRELIMINARY RESULTS 

Environmental and weather data.    Temperatures in spring 2020 were cool on Bylot 
Island. Air temperature averaged -0.7°C (0.7°C lower than normal) between 20 May and 20 June, 
the period of goose arrival and egg-laying, and 1.0°C (0.5°C lower than normal) during 1-15 June, 
which is the most critical period for egg formation and egg-laying (Fig. 2).  An almost complete 
snow cover persisted in the Qarlikturvik Valley until mid-June (snow cover was >95% until 14 
June; Fig. 3). This, combined with the cool temperature, resulted in a late snowmelt compared to 
other years and especially 2019, which had a very early melt. Snow cover reached 50% on 16 June 
(long-term average: 13 June; Fig. 4). However, once initiated, snow melt was very rapid and 
occurred over about 2 to 3 days (from 90% to 10% snow cover).  

Spring migration phenology of geese.    All twelve adult females equipped with a 
GPS/GSM transmitter left the staging area along the St. Lawrence River around 19 May 2020 and 
spent the summer in Nunavut except one bird that left southern Quebec on 7 June and travelled to 
Nunavik. Among the females that migrated to the Arctic, one settled on Melville Peninsula, 5 on 
Baffin Island, 4 on Bylot Island and 1 on Ellesmere Island. All birds that settled on Bylot Island 
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had been banded there in the past and they arrived around 5 June (± 2 days), which is near the 
normal arrival date of geese in the Qarlikturvik Valley (peak arrival is typically around 7 June). 

Goose nesting activity.    All four geese equipped with a GPS/GSM transmitter that 
reached Bylot Island attempted nesting in 2020. Their egg-laying date was 13 June which is close 
to the long-term average (12 June; Table 1). Among these birds, three had a successful breeding 
attempt and their clutch hatched around 11 July (long-term average: 9 July). Based on the laying 
and hatching dates of these birds and goose incubation period (23 days), it was estimated that 
average clutch size was 4.00, which is higher than the long-term average (Table 1). However, one 
has to consider that these parameters are based on a very small sample size compared to the data 
obtained from field monitoring of these parameters in previous years. 

Based on the analyses of satellite images, estimated nest density in the center of the colony 
was higher than last year (8.4 vs. 5.7 nests/ha in 2019) and above the long-term average (Table 1). 
In the random plots distributed throughout the colony, nest density was similar to last year (4.4 vs. 
4.4 nests/ha in 2019) and also above the long-term average (Table 1). A high number of goose 
nests (489 vs 27 in 2019) were also found in the Qarlikturvik Valley (predominantly a brood-
rearing area). This increase was likely due to the presence of nesting Snowy Owls in the area (see 
below). We also note that the number of goose nests identified in the Qarlikturvik Valley was 
higher than in other years with a high density of owls (e.g., 142 in 2000 and 159 in 2004), probably 
because the search for goose nesting pairs on the satellite images was more thorough than nest 
searches conducted in the field. 

Nesting success of geese.    Nesting success, (proportion of initiated nests hatching at least 
one egg) was estimated at 64% (possible range: 62 to 69%) in 2020, which is close to the long-
term average (Table 1) but much lower than 2019. This is indicative of a moderate activity of 
predators around goose nests, which destroyed more nests compared to last year.  

Monitoring of Snowy Owls.    Based on the number of aggregations of goose nesting pairs 
detected in the Qarlikturvik Valley area, we estimated that 10 nests of Snowy Owls (possible range: 
9 to 14) were present in 2020 compared to 5 in 2019 over the same area.  This yields a density of 
0.17 nest/km2 compared to the long-term average of 0.13 nests/km2 in years when nesting Snowy 
Owls were detected. Based on this density of Snowy Owl nests, we estimated the mid-summer 
density of lemmings at 6.9 lemmings/ha. This density is much higher than last year (1.4 
lemmings/ha) and is typical of lemming densities encountered in years of peak abundance in the 
past (Fig. 5). 

Autumn migration phenology of geese.   We successfully tracked the autumn migration 
of all 12 adult females marked with GPS/GSM transmitters from Nunavut/Nunavik to southern 
Quebec. Birds that nested on Bylot Island left the island between 13 August and 12 September 
2020 while the other females that spent the summer in Nunavut left between 13 August and 18 
September. All birds arrived along the St. Lawrence river between 26 September and 3 October 
and were resighted but none of them were seen with young (including those that nested on Bylot 
Island). They left for their wintering grounds in the United-States between 24 November and 23 
December. These females wintered in Maryland, Delaware, New Jersey, New York and 
Pennsylvania. Seven out of the twelve geese were harvested between 10 December 2020 and 24 
March 2021.   
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CONCLUSIONS 

The cancellation of the 2020 field season on Bylot Island due to the COVID-19 pandemic was a 
significant challenge and forced us to find alternative methods to monitor the reproductive activity of 
Greater Snow Geese. The opportunity to mark some birds with GPS/GSM transmitters during their 
spring staging in southern Quebec allowed us to track their migration to the Arctic and to infer 
reproductive parameters for a few of them that nested on Bylot Island. Unfortunately, sample size 
was very small here. However, we showed that remote sensing can be a valuable tool to monitor 
several aspects of the reproduction of geese and this is our most significant achievement. By 
comparing field data acquired in 2015 in a core area of the colony with a satellite image taken in the 
same year, we were able to validate our identification of nesting snow geese on satellite images and 
to confirm that it can be quite accurate. The detailed analysis of high-resolution satellite images taken 
at the right time and the algorithm that we developed to treat this information further showed that we 
could obtain reliable information on the nesting density and even the nesting success of snow geese. 
In addition, the propensity of snow geese to nest in association with Snowy Owls in the High Arctic 
allowed us to estimate owl nesting density. This, in turn, enabled us to infer the density of lemmings, 
an important parameter related to goose nesting success due to shared predators (primarily Arctic 
Foxes, Vulpes lagopus) between geese and lemmings. Nonetheless, in 2020 some activities such as 
the goose banding in August could not be replaced by remote sensing or other alternative methods. 

The numerous indicators of goose reproduction that we could estimate on Bylot Island yielded 
mixed signals, with some being positive and other negative. The most unfavourable factor for goose 
reproduction in 2020 was the cool spring and late snow-melt. Temperature were below average during 
the pre-laying period of geese although they were closer to normal during egg-laying. Snow-melt was 
also quite late and started about a week later than normal, although it proceeded very rapidly once 
initiated. These weather conditions, however, contrasted with 2019, which was one of the warmest 
spring and earliest snowmelt on record. The arrival date and nesting phenology of geese was 
apparently near normal and clutch size possibly higher than normal, but this must be interpreted with 
great care as it is based on an extremely small sample size of GPS-marked birds (n = 4).  

The nesting density of geese in the core area of the colony and in the random plots monitored 
was found to be high, about 70% higher than the long-term average. The may seem at odds with the 
late snowmelt because these conditions are typically associated with a reduced reproductive effort of 
geese. However, it is also possible that late snowmelt reduced nest site availability and forced geese 
to concentrate nesting in a limited number of snow-free patches such as the 20-ha plot monitored 
annually and located in the centre of the colony, a site that tends to be snow-free relatively early. 
Moreover, body condition of geese measured in 2020 at the end of staging in southern Quebec was 
among the highest recorded over the past 20 years, probably due to a reduced activity of hunters in 
spring due to the COVID-19 lockdown (Letourneux et al. 2021). The arrival of geese in good body 
condition at Bylot Island may have attenuated the negative impact of the late snowmelt on their 
nesting activity and allowed geese to breed in good numbers. Nonetheless, considering that we used 
a different method to estimate nesting density in 2020 (satellite images) compared to other years, there 
is still the possibility that some unknown biases could have inflated our estimation of nesting density 
in 2020. Nonetheless, values observed in the core of the colony were not unrealistically high as similar 
or higher nesting densities had been observed in previous years (Table 1). 
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A high density of nesting geese combined with a high lemming abundance are factors normally 
conducive to high nesting success. When lemmings are high, predators like Arctic Foxes divert their 
attention from goose eggs to that prey and high nesting density can dilute the impact of predators at 
the population level. Nesting associations of geese with Snow Owls provide a refuge from predators 
and also favour high nesting success. Despite a high nesting density and the presence of Snowy Owls, 
nesting success of geese in 2020 appeared to be lower than in 2019 and near or slightly below the 
long-term average, suggesting a moderate to high activity of predators in the colony. In 2019, fox 
reproduction was good on Bylot Island as lemming density had started to bounce back following two 
years of extremely low values. With lemming densities apparently increasing further in 2020, we can 
surmise that survival of foxes produced in 2019 was good and fox breeding activity was high for a 
second consecutive year. Therefore, a high fox density may explain the nesting success observed in 
2020 in the goose colony, an area where relatively few owls nest as most of them usually nest away 
from the main goose colony, most notably in the Qarlikturvik Valley. 

The combination of the different indices of Greater Snow Goose reproductive success collected 
on Bylot Island suggests a moderately high production of young until the hatching period. In 
comparison, the percentage of young measured during juvenile counts conducted by the Canadian 
Wildlife Service in southern Quebec in autumn 2020 was moderate at 16% (n = 21,406. J. Lefebvre, 
personal communication), as well as the average brood size at 2.28 (n = 946). This is much lower than 
in 2019 (32% of young in the flock and an average brood size of 2.55) and slightly lower than the 
average since the beginning of the spring harvest in 1999 (20% of young and 2.24 young per brood). 
We therefore note some discrepancy between indices of goose reproductive success on Bylot Island 
derived from remote sensing and observations conducted during autumn staging in southern Quebec, 
which can be explained by several factors. First, young survival during brood rearing and the autumn 
migration may have been low, either due to high predation pressure after hatching or poor weather, 
and thus may have reduced overall production. Second, our observations are based on a single colony 
that accounts for ~15% of the total breeding population and it is possible that reproductive success at 
other colonies was lower than on Bylot Island. Finally and perhaps most importantly, the very high 
production of young in 2019 led to a large cohort of 2-year old birds in the population in 2020, a 
cohort still too young to breed. Presence of these birds in the autumn flock likely contributed to reduce 
the ratio of young to adults in the population in 2020. This is a common phenomenon as the proportion 
of young in the flock is always pulled down in the year following a very good production like in 2019. 

In conclusion, we believe that the work conducted in 2020 with remote sensing tools yielded 
very satisfactory results. Although it cannot totally replace field work conducted in situ, we show 
that it provides a good alternative when ground work is impossible as in 2020. Nonetheless, we 
believe that additional field validation of the estimation of goose nesting activity with satellite 
images is advisable considering that our validation is based on a single year and a posteriori. This 
method also faces additional sources of uncertainty such as criteria used to match nesting pairs 
between two images and it would be useful to improve further these criteria. The detection of 
Snowy Owl nests based on goose nest aggregations identified on satellite images has not yet been 
validated and thus remain a weak part of our analysis. It would be important to validate this method 
in the field, such as by visiting in 2021 the centroid of goose nest aggregations identified in 2020 
to confirm the presence of a Snowy Owl nest based on prey remains and regurgitation pellets 
usually present around these nests. 
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PLANS FOR 2021 

 The long-term objectives of our work are to study the population dynamics of Greater Snow 
Geese, and the interactions between geese, plants, and their predators on Bylot Island. A major 
focus of the project is to monitor changes in demographic parameters (such as survival rate, 
hunting mortality, breeding propensity, reproductive success, and recruitment) and habitat (annual 
plant production and grazing impact) in response to the spring conservation harvest and other 
special management actions implemented since 1999 in Canada and since 2009 in the United 
States. Other aspects of the project include i) understanding better the links between events 
occurring during the spring migration and the subsequent reproduction of geese; ii) determining 
the long-term effects of geese on the arctic landscape; iii) studying indirect interactions between 
snow geese and lemmings via shared predators; iv) studying the ecology of the main predator of 
geese, the Arctic Fox; and v) assessing the impact of climate change on goose reproduction and 
the carrying capacity of the habitat for geese. In 2021, we hope to resume field work in order to: 

1) Monitor productivity (egg laying date, clutch size and nesting success) and nesting distribution 
of Greater Snow Geese on Bylot Island. 

2) Validate further remote sensing tools used to monitor snow geese and Snowy Owl 
reproductive activities in 2020. 

3) Study the migration phenology of geese and its impact on reproductive success. 

4) Mark goslings in the nest to provide a sample of known-age individuals to assess the growth 
and pre-fledging survival of goslings by their recapture in late summer. 

5) Band goslings and adults, and neck-collar adult females at the end of the summer to continue 
the long-term study of demographic parameters such as survival and breeding propensity.  

6) Monitor the abundance of lemmings and study their demography in relationship with snow 
conditions and the impact of predation on their cyclic fluctuations of abundance. 

7) Monitor the breeding activity of other bird species, in particular avian predators (Snowy Owls, 
jaegers, Glaucous Gulls and Rough-legged Hawks). 

8) Monitor the breeding activity of foxes at dens. 

9) Capture and mark adult foxes and their pups to study their movements, demography and 
foraging activity. 

10) Sample plants in exclosures to assess annual production and the impact of goose and lemming 
grazing on plant abundance in wet meadows.  

11) Maintain our automated environmental and weather monitoring system. 
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 In 2021, 6 graduate students will be involved in the Bylot Island snow goose project. 
Frédéric LeTourneux (PhD) will complete his study of the impact of recent management actions 
on the survival and population dynamics of snow geese. Mathilde Poirier (PhD) will complete 
her study on the population dynamics of lemmings and the interaction between lemmings and 
snow. Gabriel Bergeron (MSc) will continue his study of the role of predator-prey interactions in 
the population dynamics of lemmings. Thierry Grandmont (MSc) will continue a study on the 
timing of snow goose migration and its effect on reproduction. Ilona Grentzmann (PhD) will start 
a study on the effect of senescence on the population dynamics and physiology of snow geese. 
Finally, David Bolduc (MSc) will start a study on the impact of the ermine on lemmings. However, 
if access to the field remains limited due the pandemic, we will again use remote sensing tools to 
monitor goose reproduction. 
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Table 1.  Productivity data of Greater Snow Geese nesting on Bylot Island over the past decade. 

 

 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 Average2 

Number of nests monitored 382 375 451 491 347 337 342 277 422 580 -- 

Nest density in the core of 
the colony (n/ha) 

4.89 5.24 8.85 7.89 9.26 5.50 8.14 3.46 5.70 8.35 4.93 

Nest density in random plots 
(n/ha) 

1.77 1.62 3.39 3.39 2.73 3.70 3.41 3.35 4.38 4.41 2.54 

Median date of egg-laying 13 June 12 June 13 June 11 June 12 June 13 June 11 June 14 June 7 June 13 June3 12 June 

Clutch size 3.74 3.80 3.58 3.85 3.48 3.36 3.53 3.50 4.04 4.003 3.71 

Nesting success1 90% 54% 67% 91% 77% 73% 56% 50% 82% 64% 67% 

Median date of hatching 8 July 9 July 10 July 8 July 9 July 9 July 8 July 11 July 4 July 11 July3 9 July 

1 Mayfield estimate. 
2 Period 1989-2019. Data from 2020 is not included in the long-term average because different protocols were used in 2020. 
3 These values are only based on the GPS-tracking of 4 females that nested on Bylot Island. 
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Figure 1. Location and coverage of the three high-resolution (30 cm) images acquired from the WorldView-3 satellite during summer 

2020. The blue polygon is centered on the Qarlikturvik Valley (Image 3 taken on 2 July 2020) whereas the goose nesting 
colony is outlined by the orange polygon (Image 1 taken on 17 June 2020), also covered by the larger green polygon (Image 
2 taken on 2 July 2020). The MODIS image (500-m resolution) was obtained for the Qarlikturvik Valley and the polygons 
used for the analyses are presented in white.
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Figure 2.  Daily air temperature in spring on Bylot Island. The thick solid black line represents the 

average air temperature since 1994. Data for 2020 are based on reanalysis estimates 
from the Copernicus ERA5-Land model. These values were adjusted based on the 
relationship between hourly air temperature recorded at our weather station on Bylot 
Island and the one estimated by the ERA5 reanalysis for our study site from 2017 to 
2019 (see methods). 
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Figure 3.  Annual daily snow cover of the lowlands of the Qarlikturvik Valley of Bylot Island 

estimated from the MODIS satellite data during the snow-melt season for the period 
2011 to 2020. The thick solid black line represents the average snow cover since 2000. 
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Figure 4. Date of 50% snow cover in the lowlands of the Qarlikturvik Valley of Bylot Island 

estimated from the MODIS satellite data (black dots) and field data (grey dots) over the 
period 2000 to 2020. The dashed gray line represents the average date of snowmelt 
observed from our field records and the dashed black line from the MODIS data. Annual 
date of 50% snow cover is highely correlated between the two datasets (R2 = 0.79). 
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Figure 5. Annual variations in mid-summer lemming density and Snowy Owl nest density in the 

Qarlikturvik Valley of Bylot Island from 1993 to 2020. Snowy Owl data for 2020 are 
derived from a satellite image analysis and lemming density for 2020 is estimated from 
the relationship between owl nests and lemming densities in previous years (see 
methods).  
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APPENDIX 1 
VALIDATION STUDY CONDUCTED FROM AN IMAGE TAKEN IN 2015  

 
We conducted a pilot study to assess the reliability of high-resolution (30-cm) images from the 
satellite to detect Greater Snow Geese on Bylot Island. We acquired an orthorectified, 
georeferenced satellite image taken in 2015 of a portion of the goose colony monitored in the field 
in that year. A 13-ha portion of the area intensively monitored annually in the goose colony was 
captured by the WorlView-3 satellite on 27 June 2015, typically about two-third of the goose 
incubation period on Bylot Island. The satellite image was imported in a GIS softwarte and divided 
into thirteen cells of 100 × 100 m. Individual geese were clearly visible as white dots on 
enlargement of the image although we could not exclude the possibility that sometimes two geese 
side-by-side could appear as a single dot.  In a first step, three observers (MCC, MBB and ED) 
independently identified all the white dots (i.e. geese) manually and digitized their position. Two 
geese within 15 m from each other were considered a nesting pair. This threshold distance was 
based on an analysis of the nearest neighbor of nests monitored in the goose colony between 2016 
and 2019 (n = 611), which indicated that 75% of goose nests were separated by ≥15m. Only nests 
known to be present on 27 June were considered in this analysis to avoid potential biases related 
to a decrease in goose nest density over time due to predation. When combining the results of the 
three independent observers, we identified 116 goose nesting pairs on the surveyed area whereas 
91 goose nests had been found in the field, suggesting an overall detection rate of 127% of real 
nests. When plotting the position of nests located in the field over the goose nesting pairs identified 
on the image, we found a perfect match for 83 of the 91 real nests (Fig A1.1). For 33 of the nesting 
pairs identified on the image, we could not clearly associate a nest found in the field, whereas for 
8 nests we had not detected a nesting pair nearby.  

  
Figure A1.1 Portion of the 2015 satellite image showing the geese detected by the three observers (white 
dot) relative to the actual location of nests surveyed in the field (green dot).  
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APPENDIX 2 
DETAILED METHOD USED TO ESTIMATE GOOSE NEST DENSITY  

AND NESTING SUCCESS BASED ON SATELLITE IMAGES 
 
 
2.1. Pairing of geese detected on satellite images 
The satellite images that we acquired for the 2020 field season were imported in a GIS software 
and divided into 100 × 100 m cells.  Geese were clearly visible as white dots on enlargement of 
the images (Fig. A2.1) although we could not exclude the possibility that sometimes two geese 
side-by-side could appear as a single dot. In a first step, three observers (MCC, MBB and ED) 
independently identified all the white dots (i.e., geese) manually and digitized their position (Fig. 
A2.2A). For each image, the distance between all geese detected was calculated (Fig. A2.2B) and 
these distances were used to compute a cluster tree for both June and July. The two clusters were 
cut at 15 m to determine goose pairs (Fig. A2.2C and A2.2D). This meant that two geese detected 
on the satellite images that were ≤15 meters from each other were considered a nesting pair, 
otherwise, we assumed that only one individual of the pair was detected or that both individuals 
were too close to each other to be detect as separate geese. This threshold distance was based on 
an analysis of the nearest neighbor of nests monitored in the goose colony between 2016 and 2019 
(n = 611) which indicated that 75% of goose nests were separated by ≥15m.  

 
Figure A2.1. Comparison of an identical portion of the satellite images acquired on 17 June (left) and 2 
July 2020 (right) showing geese as white dots in the Bylot Island goose colony. 
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Figure A2.2. Diagram illustrating the method used to pair geese (or white dots) detected on the satellite 
images.   
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2.2. Comparison and matching of goose pairs on the June and July images 
To estimate nest density and nesting success, we had to be able to locate the same nesting pairs on 
both images (17 June and 2 July). We compared the locations of nesting pairs detected on both 
satellite images to determine which ones were actually the same. To do so, we first calculated the 
centroid of the position of the two pair members in June and July and assumed that this represented 
an approximation of the nest location of this pair (Fig. A2.3A). We then matched the centroid 
positions detected in June with those detected in July, starting with the smallest centroid-to-
centroid distance and gradually increased this value as we matched more pairs (Figs. A2.3B and 
A2.3C). All June and July nesting pairs were paired in this manner, until remaining pairs had a 
centroid-to-centroid distance over the selected threshold values of 15, 17.5 and 20 m (see below 
for details; Fig. A2.3D). Remaining nesting pairs above this threshold were not matched because 
they were considered too far from each other to be the same pair in the June and July images.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A2.3. Diagram illustrating the method used to match goose nesting pairs detected in June with 
those detected in July.   
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Threshold values used to determine the maximum distance that a nesting pair could have moved 
between the June and July images were based on a fine scale analysis of the locations of four adult 
females equipped with a GSM/GPS collar that nested on Bylot Island in 2020. The longest 
distances between a nest and the position of the female will occur during incubation recesses. We 
determined nest location by using all night (00:00-06:00) GPS locations from 16 June to 2 July. 
We used night locations because nest recesses are less frequent (Poussart et al. 2001). The center 
of all those clustered locations was used as the nest location for the four GPS-tracked females. 
Considering the accuracy of locations obtained by the transmitter (±4 m), we assumed that all 
positions >10 m from the estimated nest location (the maximum distance found within the night 
cluster) occured during incubation recesses. The median of the distances between the female and 
its nest during presumed incubation recesses was 17.6 m, hence the threshold selected to match 
nesting pairs based on their position on the June and July images. The values of 15 and 20 m were 
selected as an upper and lower bound to this threshold considering that 85% of the distances 
recorded on these females where withing these two boundaries. 

2.3. Goose nest density 
To obtain an estimate of the total number of goose nests initiated in the surveyed area of the colony, 
we summed the number of nesting pairs matched between June and July with the number of nesting 
pairs detected only on the June or July images (Fig. A2.4A and A2.4B). We presumed that nesting 
pairs only detected in June were mostly associated with nests that had failed before the second 
image whereas those detected only in July could be mostly associated with nests initiated very 
late. The estimation of nest density with this method is affected by the threshold used to match 
nesting pairs between the June and July images but variations are slight. Using the selected 
threshold of 17.5 m, we obtain a nest density of 8.35 nests/ha, a value that changed to 8.38 and 
8.16 nests/ha when using a 15 m or a 20 m threshold, respectively.  
 
2.4. Goose nesting success 
To estimate nesting success, we assigned an outcome to each nest detected in June based on the 
matching process previously performed. When a nesting pair found on the June image could be 
matched with one on the July image, we considered that their nest had survived over the time 
period between the two images. When a nesting pair detected in June could not be matched on the 
July image, we considered that their nest had failed in between (Fig. A2.4C). Nesting pairs detected 
only on the July image were excluded from this analysis because we could not confirm their 
presence on the June image.  

The estimation of nesting success obtained by the analyses of the satellite images did not cover the 
whole nesting period but only the time period between the two images (15 days). In order to 
compare the nesting success of geese in 2020 to the one determined annually based on field 
monitoring, it was necessary to adjust the results derived from the satellite images for the whole 
nesting period, i.e., 27 days (sum of laying and incubation periods). To extrapolate to the whole 
nesting period, we had to assume that nest failure rate was constant over time. We thus adjusted 
the nesting success estimate from the satellite images (expressed as a proportion) as follows: 
 

Nesting success = (nesting success estimated over 15 days) 27/15 
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As with nest density, the estimation of nesting success with this method is affected by the threshold 
used to match nesting pairs between the June and July images. Using the selected threshold of 17.5 
m, we obtain a nesting success for the whole nesting period of 64%, a value that changed to 62% 
and 69% when using a 15 m or a 20 m threshold, respectively.  
 
 

 

Figure A2.4. Diagram illustrating the method used to estimate goose nest density and nesting success. 
Nesting pairs detected on the June image are in orange while those detected on the July image are in blue.  
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APPENDIX 3 
DETAILED METHOD USED TO ESTIMATE THE  

NUMBER OF SNOWY OWL NESTS  
 
 
3.1. Analysis of the satellite image 
The search for potential Snowy Owl nests was carried out by one observer (MCC) on the satellite 
Image 3 of the Qarlikturvik Valley of Bylot Island taken on 2 July 2020 (see Fig. 1). A search for 
nesting owls was conducted over a 59-km2 area, which has been searched every year in the field 
for presence of this species since 1993. Within this area, 25 km2 were systematically searched, 
paying special attention to nesting sites previously used by owls over the period 1993-2019 and 
other suitable habitats such as ridges. To maximize the coverage of the whole area, a number of 
500 × 500 m cells were also systematically distributed in low quality nesting areas for owls and 
searched (Fig. A3.1).  It was not possible to differentiate owls from geese on the image due to their 
similar body size. However, we took advantage from the fact that when Snowy Owls are nesting 
on Bylot Island, their nests are almost always surrounded by an aggregation of snow goose nests, 
which benefit from a predator exclusion area created by owls within a few hundred meters of their 
nest (Tremblay et al. 1997, Bêty et al. 2001). Using the same approach as in the goose colony (see 
Appendix 2, section 2.1), the observer manually digitized white dots (geese) detected on the image 
in a GIS software. We performed a cluster analysis on the white dots detected to identify potential 
goose nesting pairs as in the analysis done in the goose colony (see Appendix 2, section 2.1).  

Figure A3.1. Portion of satellite Image 3 (see Fig. 1) showing the Qarlikturvik Valley where a search for 
potential Snow Owls nests was carried out. The yellow lines enclosed areas that were systematically 
searched by the observer and the red line delimits the 59-km2 search area. 
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3.2. Parametrization of the cluster analysis of nesting aggregations of snow geese 
We performed a second cluster analysis on goose pairs detected on the satellite image to identify 
nesting aggregations that could be associated with Snowy Owl nests. We used historic data on the 
spatial distribution of goose nests in the Qarlikturvik Valley during seven years with presence of 
owls between 1993 and 2014 to determine patterns of goose nest agregations around Snowy Owl 
nests that were closely monitored in the field. Aggregations containing ≤3 goose nests were 
excluded because they were rarely associated with a Snowy Owl nest.   
 

We ran a separate cluster analysis in each year to identify goose nest aggregations. 
Identification of aggregations critically depends on the distance threshold used as cut-off point in 
this analysis. The distance threshold is the maximum possible distance between two nests 
belonging to the same cluster. We varied the distance threshold applied from 250 to 4000 m and 
attempted to find the one that yielded the most realistic results. To do so, we compared the number 
of goose nest aggregtions identified by the cluster analysis for each threshold value with the real 
number of Snowy Owl nests censused in each year. We expected that these numbers should be 
similar considering that all Snowy Owl nests had a goose nest aggregation around them. This is 
what we found when the threshold value varied from 1250 to 1750 m (Figs. A3.2 and A3.3). Using 
lower threshold values yielded a higher number of goose nest agregations than the numbr of owl 
nests censused in the field, whereas the converse was true for higher threshold values. 
 

 
 
Figure A3.2. Differences between the number of goose nest aggregations identified by the cluster analysis 
and the number of Snowy Owl nests censused in six different years according to different threshold distance 
values between goose nests in the cluster analysis. The x represents the mean values and error bars 
represents the 95% confidence intervals. Each dot represents an individual value (i.e., a different year). 
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We also examined the distance between each Snowy Owl nest censused in the field and the 
centroid of the nearest aggregation of goose nests identified by the cluster analysis for each 
threshold value (Fig A3.4). We found that the three threshold values previously determined (1250 
to 1750 m) yielded realistic (i.e., close to 0 on average) distances between the locations of the 
centroid of goose nests aggregations and owl nests.  
 
 

Figure A3.3. Aggregations of goose nests (coloured 
circles) identified by the cluster analysis of historic 
data during 7 years of Snowy Owl presence in the 
Qarlikturvik Valley based on a distance threshold of 
1500 m. Grey + sign are goose nests while blue * are 
Snowy Owl nests monitored in the field. 

Longitude 



Cadieux et al. • 2020 progress report of the Bylot Island Snow Goose project  25 
 

 

 
 
Figure A3.4. Distance (in m) between the centroid of individual goose nests aggregations identified in the 
cluster analysis and the location of the nearest Snowy Owl nest censused in seven different years according 
to different threshold distance values between goose nests in the cluster analysis. The x represents the mean 
values and error bars represents the 95% confidence intervals. Each dot within each treshold value 
represents an owl nest. 
 
 
 
3.3. Estimating the number of Snow Owl nests  
We applied the same cluster analysis that we ran on the historic data (see Appendix 3, section 3.2) 
to the goose nesting pairs identified on the satellite image of the Qarlikturvik Valley in 2020. 
However, we increased the minimum number of goose nesting pairs required to identify an 
aggregation of nests. We had retained aggregations of >3 goose nests in the historic data because 
in some years, search of goose nests around owl nests was not exhaustive. In contrast, the search 
of goose nesting pairs on the satellite images was very thorough and likely more exhaustive than 
in the field. Therefore, to avoid detecting an unrealistic high number of aggregations of goose 
nesting pairs in 2020, we increased this minimum value to 8 because, in the historic data, most owl 
nests censused were surrounded by 8 or more goose nests. We evaluated the sensitivity of our 
estimation of the number of goose nest aggregations to the distance threshold specified in the 
cluster analyses by using the three values previously identified (1250, 1500 and 1750 m) and to 
the minimum number of goose nesting pairs in an aggregation by varying this number from 7 to 
9. Based on these criteria, we estimated between 9 and 14 potential Snowy Owl nests over the 59 
km2 monitoring area (Table A3.1). We chose to report the value associated with the midpoint of 
the parameter values used in the sensitivy analysis (distance threshold of 1500 m and aggregations 
with a minimum of 8 nesting pairs), which is 10 owl nests. The spatial distribution of the 
aggregations of goose nesting pairs identified in 2020 by the cluster analysis based on these 
parameter values is shown in Fig. A3.5.  
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Figure A3.5. Aggregations of goose nesting pairs (colored circles) identified in the Qarlikturvik Valley 
area in 2020 by the cluster analysis when using a distance threshold of 1500 m and a minium of 8 goose 
pairs by aggregations. Grey + represents individual nesting pair identified on the satellite image. 
 
 
 
 
 
Table A3.1. Number of potential Snowy Owl nests present in the Qarlikturvik Valley of Bylot Island in 
2020 according to two sets of parameter values retained for the analysis. 

Minimum number of goose nests 
in an aggregation 

Maximum possible distance between nesting  
pairs belonging to the same cluster 

1250 m 1500 m 1750 m 
7  14 12 11 
8  12 10 9 
9  11 10 9 
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