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The Arctic tundra has a relatively low biodiversity but species living there have unique adaptations and are exposed to unprecedented rates of climate warming. Monitoring changes in Arctic biodiversity and identifying the driving forces is thus a pressing issue. Bylot Island in the Canadian Arctic has one of the longest and most comprehensive monitoring programs of the tundra food web, spanning four decades. We provide a historical overview of ecological studies on Bylot Island, summarize their key scientific contributions, show their impacts, and present the ingredients for the success of the program and the main challenges encountered. Some major contributions include demonstrating the key role of predation in structuring the tundra food web, the importance of exchanges between ecosystems for the persistence of top predators and their cascading effects on trophic interactions, the apparent resistance of the vertebrate biota to climate warming, the need to consider multiple hypotheses to explain northward range expansion of species and the benefits of integrating scientific data and local knowledge into ecological monitoring. The program has produced >250 journal articles and >80 graduate student theses, which generated >7,700 citations in the scientific literature. A high proportion (65%) of the articles had more citations than comparable publications in their field. The longevity and success of the program can be attributed to several factors, including a researcher-driven (i.e. bottom-up) approach to design the monitoring; long-term commitment of a small number of dedicated researchers and the strong participation of graduate students; the adoption of a food web rather than a single species perspective; extensive presence in the field; the combination of several methodological approaches; and the use of multiple spatial scales adapted to research questions of interest. Challenges encountered include funding issues, transfer of expertise over time, limited spatial replication, statistical design and maintaining partnerships. Robust monitoring is essential to provide sound baseline to detect future changes, and lessons learned from our program could improve future monitoring schemes in the Arctic. Paradoxically, we believe that ecological monitoring on Bylot Island has been successful in large part because it was not originally designed as a monitoring program per se.
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1 Introduction

The Arctic tundra is still largely a pristine environment although it is increasingly exposed to anthropogenic pressure such as industrial development, contaminants, or climate warming (Tolvanen et al., 2019; Aronsson et al., 2021). This biome is inhabited by relatively few living species in comparison to other biomes such as the tropical or even temperate forests (Willig et al., 2003, Willig et al., 2006). However, its biota presents adaptions that are quite unique on Earth due to the harsh prevailing conditions such as long periods of darkness, very cold winter temperatures, and lack of summer heat. Climate warming poses unique threats to Arctic species because, unlike other biomes that could be displaced toward the poles as the Earth’s climate warms, the Arctic tundra will simply shrink as it cannot be displaced further north (Rew et al., 2020). Monitoring changes in Arctic biodiversity and identifying the driving forces for observed changes is thus a pressing issue recognized by many international bodies such as the Arctic Council (Christensen et al., 2013; Meltofte, 2013).

Monitoring and understanding ecological changes taking place in the Arctic tundra is difficult because it remains one of the least known biomes to Western science. Remoteness, harsh climate, and the high costs of accessing and working in the Arctic have historically been major impediments to conducting field studies in this region, and they still are today to a large extent (Mallory et al., 2018). It is partly to address these problems and increase scientific knowledge of the Arctic region that the first International Polar Year (IPY), a large, internationally coordinated research effort, was instigated in 1882-83, and repeated periodically afterwards (in 1932-1933, 1957-1958 and 2007-2008; Barr and Lüdecke, 2010). These large research initiatives have yielded an enormous amount of new knowledge on the state, structure and functioning of Arctic ecosystems at a large spatial scale (Ferguson et al., 2012; Meltofte, 2013; Legagneux et al., 2014). Although IPYs may provide sound baseline data at multiple sites, they only provide a snapshot of the state of Arctic ecosystems and they are too far apart to really track changes occurring in them. Moreover, punctual observations are likely to miss stochastic events including those at the extreme specter of natural variability or occurring suddenly, which may still have long-lasting consequences. Evaluating how and why Arctic species, and in particular vertebrate ones, change over time requires sustained field monitoring at much finer temporal and spatial resolutions.

Ecological studies began on Bylot Island, Nunavut, in the early 1990s and they have become over time one of the longest monitoring programs of the tundra food web in the Arctic still running (Gauthier et al., 2013). It is now well known among the community of Arctic scientists and it has inspired other ecological monitoring programs in Canada and in other countries, such as those of the Canadian High Arctic Research Station and of the COAT initiative in Norway (Ims et al., 2013). In this paper, we present an overview of ecological studies performed on Bylot Island and how they evolved over four decades. We show their key scientific achievements, their impact in the field of Arctic ecology, and their contributions to Arctic biodiversity monitoring and government policies. We also identify the ingredients that led to the success of the program but also its challenges, which allows us to share lessons learned from our experience that could be useful for other monitoring programs.




2 Bylot Island ecosystem

Bylot Island is located at the northern tip of Baffin Island, between 72.7° and 73.8° N of latitude, at the entrance of the Northwest Passage in the Canadian Arctic. Most of the 11,100 km2 island is covered by mountains, a large ice cap and glaciers except for its southern portion where a 1,600 km2 rolling plain, mostly from 0-300 m ASL, is set between the mountains and the sea (Gauthier et al., 2011). The south plain has a relatively mild climate for the latitude due to its southern exposure and the presence of high mountains that partially block cold northerly winds. It is truly a polar oasis covered by lush tundra vegetation with 161 species of vascular plants and 133 species of bryophytes identified (https://bylot.cen.ulaval.ca/en/specieslist.php; Line Rochefort, unpubl. data). It also harbors a rich fauna by Arctic standards with 66 species of birds, 19 species of mammals (including the surrounding marine environment), and 38 families of arthropods (Lepage et al., 1998; Bolduc et al., 2013; Gauthier et al., 2023). Two prominent features of the biota are the presence of the largest breeding colony of greater snow geese (Anser caerulescens atlanticus; ca 25,000 pairs, Reed et al., 2002) on the south plan and seabird colonies on cliffs bordering the island (ca 150,000 pairs, Gaston et al., 2017). The high biodiversity of the island has long been recognized as it was designated a Migratory Bird Sanctuary in 1965 and was included in Sirmilik National Park at the time of its creation in 1999.

Bylot Island is located in bioclimatic zone C of Walker et al. (2005). The food web of the island tundra was described by Gauthier et al. (2011). The terrestrial vertebrate component is dominated by migratory birds, especially waterfowl, shorebirds, raptors and seabirds with only a handful of year-round resident species (Figure 1). Lemmings (Lemmus trimucronatus and Dicrostonyx groenlandicus), Arctic foxes (Vulpes lagopus) and ermines (Mustela richardsoni) are the main resident species. Geese, lemmings and to a much lower extent Arctic hares (Lepus arcticus) and rock ptarmigans (Lagopus muta) are the main herbivores. Large mammalian herbivores are either absent (Muskox, Ovibos moschatus) or rare visitors (caribou, Rangifer tarandus), as is their main predator, wolves (Canis lupus). The presence of a large contingent of migratory species implies that the tundra food web is radically different during the summer compared to the rest of the year (Figure 1). More importantly, migratory species create numerous connections between the tundra and more distant ecosystems around the globe, effectively creating a meta-ecosystem (Moisan et al., 2023; see below).




Figure 1 | Bylot Island food web illustrated using five functional groups: migrants (orange), partial migrants (yellow), residents (blue), residents frozen in the soil during winter (red) and plants (green). Line thickness indicates relative strength of interactions between species (modified from Gauthier et al., 2011).






3 History of ecological studies on Bylot Island

The monitoring program of Bylot Island emerged from the growing commitment of researchers who initiated the first field studies in the late 1980s. Field work at the site started in 1989 by G. Gauthier from Université Laval and A. Reed from the Canadian Wildlife Service. The initial objectives of these studies were to determine the nutrient allocation strategy of breeding greater snow geese and evaluate the impact of goose grazing on Arctic vegetation (Gauthier et al., 2023). Destruction of wetland habitats by overabundant goose populations had already been reported at subarctic colonies, and this was emerging as a source of concern for the conservation of the Arctic tundra in several parts of North America (Kerbes et al., 1990; Ankney, 1996). Therefore, snow goose population dynamics and goose-plant interactions were important research topics initially, in part because of management issues (goose overgrazing impact) but also because the predominant view at the time was that plant-herbivore interactions dominated trophic interactions in the Arctic (see below). Snow geese and their food plants (graminoids) were thus key components monitored right from the start (Figure 2). Automated stations monitoring weather variables year-round were also implemented early in the project and expanded over time (CEN, 2022).




Figure 2 | Biotic components of the tundra food web of Bylot Island monitored and researchers involved in the program over time. Dark grey: main researchers, light grey: other researchers. Stars (*) indicate researchers who completed graduate studies at Bylot Island.



After a few years, it became apparent that predation was also an important interaction in this food web. For instance, we showed that goose nesting success and productivity were strongly impacted by annual variations in predation pressure on nests (Lepage et al., 1996; Bêty et al., 2002; Morrissette et al., 2010). This unveiled complex and poorly known interactions between geese, predators and alternative or incidental prey in the food web. New studies were initiated on these subjects, which led to a reorientation of the project toward the study of predator-prey interactions. Monitoring of other functional groups were gradually added, including lemmings, Arctic foxes, passerines, birds of prey, shorebirds, arthropods and most recently ermines (Figure 2). This reorientation and expansion contributed to the emergence of a food web approach, which became the conceptual model of the program in the early 2000s (Figure 1). Understanding the mechanisms driving trophic interactions and whether the tundra food web was controlled by top-down (i.e. predators) or bottom-up (i.e. primary production) forces became overarching questions for our group (Legagneux et al., 2012).

Several researchers from various domains joined the team over the years, which strengthened the program and contributed to its expansion to the whole tundra food web (Figure 2). Additional expertise of people who played a key role in the long-term studies included ecologists specialized on various vertebrate groups (D. Berteaux, J. Bêty, J.F. Therrien, D. Fauteux and P. Legagneux), plant ecologists (L. Rochefort and E. Lévesque), a snow specialist (F. Domine) and a modeller (D. Gravel). It is noteworthy that several researchers who joined the team in recent years are former graduate students or postdoctoral fellows trained by researchers who initiated and led the program. Most investigators involved in the project over the years held academic positions at universities except for two at the Canadian Wildlife Service, one at the Canadian Museum of Nature and one at a private research center in the USA.

Our research program has primarily focused on vertebrate and, to a lesser extent, plant species. This largely reflects the primary interests of lead researchers who became committed to the program in the long-term (Gauthier et al., 2023). Nonetheless, we were successful in attracting and collaborating with other researchers who conducted numerous short-term studies on other components of the ecosystem such as the permafrost dynamics (e.g. Godin et al., 2016), soil processes (e.g. Deschamps et al., 2023), biogeochemical cycles in ponds (e.g. Préskienis et al., 2021), and snow physical properties (e.g. Domine et al., 2018a). Even though these additional components were not formally integrated to our core monitoring program, they contributed to expand our work and address original questions at the interface between disciplines (e.g. Beardsell et al., 2017; Domine et al., 2018b). More information on the history of the ecological monitoring program of Bylot Island can be found in Gauthier et al. (2023).




4 Scientific productivity of ecological studies on Bylot Island

We compiled all publications originating entirely or partly from our studies on Bylot Island and coauthored by at least one of us. From 1991 to August 2023, the program generated 253 peer-reviewed journal articles, 30 reports, book chapters or manuals, 24 PhD theses, and 56 MSc theses. Early-career researchers made a huge contribution to the publication record as 73% of journal articles had a student or post-doc as first author. Productivity has increased steadily over time, averaging 2.7 articles per year in the 1990s, 6.8 in the 2000s, 10.4 in the 2010s and 14.3 since 2020 (Figure 3). These publications fell mostly in the category fundamental research (67%), followed by methodological papers (31%), contributions to national/international projects or syntheses (31%) and applied research (13%) (see Supplementary Material for a definition of those categories). Only two articles (Gauthier et al., 2013, Gauthier et al., 2023) were primarily focused on documenting species status or trend with our monitoring data while one methodological paper used the monitoring of a focal species (Arctic fox) on Bylot Island as a starting point to harmonize monitoring activities at the circumpolar level (Berteaux et al., 2017).




Figure 3 | Annual number of articles in peer-reviewed journals and of citations (A) and annual number of reports and book chapters (B) from the Bylot Island ecological studies (as of 23 August 2023). FR, Fundamental research; AR, Applied research; MR, Methodological research; MO, Monitoring; CIP, Contribution to international projects; CIA, Contribution to international assessment; OT, others. See Supplementary Material for a full definition of these categories. Source for number of citations: Web of Science.



It is noteworthy that even though monitoring was at the heart of our long-term program since the beginning, papers specifically reporting status or tends using monitoring data were rare. Paradoxically, we believe that ecological monitoring on Bylot Island has been successful in large part because it was not designed as a monitoring program per se. In other words, monitoring was a foundation rather than an objective of our research program. Since the beginning, our work was always question-driven and usually structured in short-term (2 to 3-year) studies suitable for graduate student theses. Nonetheless, most of these studies fit within the long-term perspective of the program and usually address one or several boxes or arrows in our food web model (Figure 1). In doing so, we ensured that each student participated to the collection of a core set of monitoring data (e.g., annual abundance, reproductive effort and success) for key species of the food web. A significant proportion of our peer-reviewed articles (37%, n = 253) still relied on long-term data generated by the program (typically, data not acquired by graduate students during the course of their degree). Not surprisingly, the proportion of publications that include long-term monitoring data increased over time (0% in the 1990s, 34% in the 2000s, 38% in the 2010s and 54% since 2020). The incorporation of long-term data in publications addressing specific ecological questions undoubtedly strengthened these papers and rendered their conclusions more robust. In summary, monitoring is like the foundation of a house: you don’t see it once the house is built, but this is a key part of the building, and it is better to keep it in good order.

A bibliometric map based on the co-occurrence of terms (used as a surrogate of keywords) appearing in the title and abstract of our journal articles illustrates well the themes of ecological studies on Bylot Island and how they evolved over time (Figure 4; see methodological details in Supplementary Material). The analysis retained 267 terms that had between 2 and 122 occurrences (average: 14, median: 8) and between 17 and 256 links (i.e., co-occurrences; average: 92) with other terms in our articles. We could identify 3 major themes in our research activities based on this analysis. The first one is centered on population dynamics and includes terms like Arctic (122 occurrences), population (71), birds (54), phenology (44), survival (43), reproduction (40) and migration (38) (red circles on Figure 4). The second one focuses on plant-herbivore interactions and includes terms like snow goose (107 occurrences), young (52), climate change (42), growth (27), food (27), plant (24) and nitrogen (19) (green circles on Figure 4). The last one deals with predator-prey interactions and includes terms like predator (60 occurrences), Arctic fox (55), lemmings (54), nest (39), prey (36), population cycles (20) and trophic interactions (15) (blue circles on Figure 4). The temporal evolution of research themes can also be seen when examining when terms appeared most frequently in our publications. Terms related to plant-herbivore interactions were dominant in early years of the program (purple circles on Supplementary Figure S1) whereas those related to population dynamics and predator-prey interactions were dominant in more recent years (green and yellow circles on Supplementary Figure S1). Therefore, our publications reflect well the evolution of the project over time (see History of ecological studies). It is also interesting to note that the term “monitoring” was not among the most frequently used ones in this network analysis (14 occurrences in the blue circles, Figure 4).




Figure 4 | Bibliometric map illustrating the co-occurrence of terms in journal articles of the Bylot Island ecological studies. Circles size is proportional to the number of occurrences of a term and lines link terms with co-occurrences in publications (see methods in Supplementary Material for details). Colours illustrate clusters of terms with the highest number of links with each other.






5 Key scientific contributions

Plant-herbivore interactions have long been considered the dominant trophic interaction of the tundra food web based on empirical evidence and theory. Empirical evidence includes the strong impact of herbivores like colonial geese and migratory caribou on the tundra vegetation at some sites in the Arctic (Kerbes et al., 1990; Manseau et al., 1996; Jefferies et al., 2003). According to the exploitation ecosystem hypothesis developed 40 years ago (Oksanen et al., 1981), the low productivity of the tundra ecosystem did not support herbivore populations large enough to allow the persistence of predator populations of sufficient size to control herbivores (Oksanen and Oksanen, 2000). However, contrary to this theory, our work showed that predator-prey interactions were dominant in the Bylot Island food web. Predation was found to be the most important biotic factor affecting annual nesting success and productivity of snow geese (Gauthier et al., 2004; Morrissette et al., 2010; Juhasz et al., 2020) as well as the driving factor of lemming population fluctuations (Legagneux et al., 2012; Fauteux et al., 2015, Fauteux et al., 2016). Modelling work further suggested that seasonality was an essential component of lemming population dynamics and that their population cycles were not driven by a single predator but required a suite of predators, each with different life history characteristics (Hutchison et al., 2020; Bergeron, 2022). Lemming population fluctuations have a strong effect on numerous predators that depend upon them for their reproduction and survival (Therrien et al., 2014; Beardsell et al., 2016; Chevallier et al., 2020).

We also demonstrated that predator-prey interactions affect the whole tundra food web through indirect effects. When lemming populations crash, Arctic foxes show an immediate behavioral response and increase their predatory activity on bird nests (Bêty et al., 2002; Lecomte et al., 2008; Beardsell et al., 2022). We showed that predation level on bird nests is the outcome of a complex interaction between temporal fluctuations in lemming populations and spatial variation due to the presence of a large goose colony because both of these factors affect the reproduction, hunting behavior and spatial distribution of foxes (Giroux et al., 2012; Chevallier et al., 2020; Beardsell et al., 2022). Consequently, predation risk for shorebird nests increases when lemming abundance decreases as well as inside the goose colony (Lamarre et al., 2017; Dulude-de Broin et al., 2023), which may ultimately affect the persistence of local shorebird populations (Beardsell et al., 2023). Moreover, we provided evidence that the use of safer nesting habitat by some shorebird species may contribute to maintaining viable breeding populations over a broader distribution range (Léandri-Breton and Bêty, 2020). Overall, our results showed that predator-mediated effects can have significant consequences on the probability of occurrence of nesting bird species belonging to different trophic levels and guilds (Duchesne et al., 2021). Uncovering these subtle and complex interactions would not have been possible without both the insights and data provided by long-term monitoring.

The spatial flow of resources among ecosystems can affect food web dynamics of the receiving ecosystem, especially when the difference in productivity between ecosystems is high (Polis and Hurd, 1996; Polis et al., 1996). Our studies contributed to establish the prominence of allochthonous inputs from other ecosystems in shaping the food web of low productivity systems such as the Arctic tundra (Gauthier et al., 2011). For instance, input from the marine ecosystem due to local or regional animal movements help support Arctic fox and snowy owl populations (Therrien et al., 2011; Tarroux et al., 2012; Lai et al., 2017; Robillard et al., 2018). Another example is the food subsidy obtained by wintering geese in agriculture land that contributes to high goose populations and thus high prey abundance for foxes (Giroux et al., 2012). More recently, we developed the concept of community migration networks to characterize the structure of spatial connections created by migratory species, which dominate the Arctic food web (see Figure 1), as they winter in numerous ecoregions across the globe (Moisan et al., 2023). This new framework, rooted into the meta-ecosystem concept (Gounand et al., 2018), can be used to assess the seasonal transport of energy, contaminants, and diseases across ecosystems. It should also allow us to better predict how events occurring in distant areas can have cascading effects on trophic interactions in other ecosystems, and especially low productivity ones, through animal migration.

Like elsewhere in the Arctic, the Bylot Island ecosystem has experienced a strong warming trend over the course of our study (ranging from 0.8 to 1.2°C per decade depending of the season, except in mid-winter; Gauthier et al., 2011). Contrary to some other studies (e.g. Høye et al., 2007; Post et al., 2009), an analysis conducted 10 years ago did not reveal any change in the phenology, abundance or productivity of vertebrate species monitored on Bylot Island (Gauthier et al., 2013), a result that still largely holds today. The only exception is the recent increase in breeding cackling geese (Branta hutchinsii; J. Bêty, personal observations). This probably results from the large increase in the continental population associated with changes in land use in winter, and may reflect a possible northward range extension favored by warming. Our results thus suggest some resistance of the High Arctic tundra food web to the warming experienced so far (see also Hobbie et al., 2017; Schmidt et al., 2023). This may come to a surprise considering that we documented several ways by which climate warming may negatively affect Arctic vertebrates, such as through a trophic mismatch for geese (Doiron et al., 2015) or snow hardening for lemmings in winter (Poirier et al., 2021). This apparent paradox may be due to a lagged response of the food web or a non-linear response as species abundance may exhibit changes only when a certain threshold is reached. When this occurs, changes can occur abruptly, sometimes leading to catastrophic shifts (Scheffer et al., 2001). It is also possible that some studies that reported rapid changes in response to climate warming may have relied on time series too short (e.g. <10 years; see Schmidt et al., 2023) and were confounded by short-term effects of multiannual autocorrelation pattern in weather.

Ecosystem structure cannot be understood without a historical perspective. Red foxes (Vulpes vulpes), a species that negatively impacts Arctic foxes in many parts of the Arctic (Elmhagen et al., 2017), arrived on Bylot Island around 1950 (MacPherson, 1969). We had a strong interest in understanding this recent addition to our studied food web. We first analyzed genetic material to demonstrate that the twentieth century expansion of red foxes in the Canadian Arctic involved dispersers from nearby populations rather than European foxes introduced to North America (Berteaux et al., 2015). Red foxes on Bylot Island thus do not constitute an invading exotic species. Second, we analyzed Canadian fur harvest data from 1926–1950 (Gallant et al., 2020) to disentangle the relative influences of climate change and anthropogenic food subsidies in driving the red fox expansion. We demonstrated a strong effect of food subsidies and a marginal influence of climate. This case study shows how historical ecology can help interpret current monitoring by testing hypotheses about the relative influences of global ecological drivers.

Local and traditional indigenous knowledge can help cataloguing biodiversity, interpreting monitoring data, or building scientific hypotheses (Copete et al., 2023). However, much work is still needed to articulate and co-apply scientific and traditional knowledge. We worked with Inuit Elders and hunters from Mittimatalik, located near Bylot Island, to pair Indigenous knowledge with science-based knowledge related to Arctic fox and snow goose ecology (Gagnon and Berteaux, 2009). We showed that Indigenous knowledge can be of tremendous value to ecological monitoring (including high-tech monitoring) when it brings information at spatial and temporal scales not covered by scientific protocols. Equitably embracing multiple knowledge perspectives is not easy to achieve and brings epistemological challenges, but it is vital to the implementation of international agreements such as the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) and the Convention on Biological Diversity (CBD) (Tengö et al., 2017). This may explain why Gagnon and Berteaux (2009) became one of our most cited papers (Supplementary Table S1).




6 Scientific impact of ecological studies on Bylot Island

We evaluated the scientific impact of our long-term ecological studies using citation metrics for our journal articles (see methodological details in Supplementary Material). Our articles generated 7,740 citations (5,884 excluding autocitations) for a mean of 32.5 per publication (24.7 excluding autocitations) in the Web of Science (as of 24 August 2023; n = 238 peer-reviewed journal articles). Citations increased steadily over time and exceeded 600 annually recently (Figure 3). It is noteworthy that 4,316 publications cited our articles (4,083 excluding autocitations), which indicates that our work is cited by many authors. A more detailed analysis revealed that many of our publications are influential when compared to similar publications. We found that 65% of our articles (n = 238) had a number of citations above the median number of citations of articles in the same year, subject area and publication type, and 12% were above the 90% percentile (Supplementary Table S1). The latter category includes both articles where data from Bylot Island contributed to an international or national research published in high-ranking journals (e.g., McKinnon et al., 2010; Bulla et al., 2016; Berner et al., 2020; Davidson et al., 2020) as well as articles based on studies entirely conducted on Bylot Island (e.g., Bêty et al., 2002, Bêty et al., 2003; Gauthier et al., 2013; Doiron et al., 2015; Fauteux et al., 2015; Soininen et al., 2015).

As the Bylot Island long-term program gained momentum and international recognition due to its increasing contribution to scientific knowledge, our team members were increasingly invited to participate to international projects or assessments of the state and trends of the Arctic biodiversity. Articles falling into those categories (CIP and CIA, Figure 3) were absent during the first 15 years of the project but accounted for 19% (n = 190) of those published after 2005. During the International Polar Year (2007-2008), the Bylot Island team led the international project ArcticWOLVES (Arctic Wildlife Observatories Linking Vulnerable EcoSystems; Gauthier and Berteaux, 2011). The approach used on Bylot Island was exported to several other sites across the circumarctic through collaborations with researchers from 9 other countries over 3 years to better understand the functioning of the Arctic food web. This project alone generated over 150 peer-reviewed articles across the circumarctic region during the period 2007-2016. A key legacy of the ArcticWOLVES project was a much-needed spatial replication of food web studies similar to the one conducted on Bylot Island (see below for details).

More than 60 publications (including both peer-reviewed articles and reports) from the Bylot Island ecological studies were collectively cited over 100 times by policy documents between 1996 and 2023 (94% of citations since 2010; Source: Overton database, https://www.overton.io/). These publications include Gauthier et al. (2013) with 15 citations, Gauthier et al. (2005) with 11, Bêty et al. (2002) and Dickey et al. (2008) with 10, Legagneux et al. (2012) with 8, and Giroux et al. (2012) with 5. Policy documents citing our work come from a large diversity of organizations including the United Nations Environment Programme, the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, the Intergovernmental Panel on Climate Change, the Arctic Council of Nordic countries as well as several national governments (Canada, USA, Norway, Sweden, Iceland, Germany, Poland, United Kingdom) and provincial or state governments (Alaska, California, Quebec, Nunavut). Collectively, we believe that these citation metrics illustrate the notable scientific and societal contributions of our long-term studies, a strong indicator of its success.




7 Ingredients of our success

It is important to highlight features that contributed to the success of a long-term ecological monitoring program (Lindenmayer and Likens, 2018). Here, we present 12 ingredients that contributed to the longevity of ecological studies on Bylot Island and their success.

	1.  Our program is a bottom-up initiative that emerged from the growing commitment of a small number of researchers with a diversity of expertise and interests. It started small and gradually expanded, especially during the first 15 years, as more food web components were added and new researchers joined the team (Figure 2). In doing so, we capitalized on strong personal motivation, and avoided much bureaucracy, which often characterizes “grand monitoring schemes” implemented all at once (i.e. the typical top-down approach). The bottom-up approach also provides increased flexibility in presence of unexpected constraints, such as those imposed by the Covid19 pandemic. In turn, researchers benefitted from the notoriety of the program to advance their career, a non-negligible benefit.

	2.  Since the beginning, our studies are articulated around clear objectives that are a mixture of fundamental science and more management-oriented questions. A secondary benefit of having goals originating from both basic and applied science is that it increases potential sources of funding for the program from agencies with different mandates. This has remained a hallmark of the project up to now.

	3.   The long-term monitoring was directed by a small number of dedicated university researchers under the leadership of the first author for more than 30 years. Good administration and overlap with new researchers who joined the team in recent years was important to ensure a smooth transition during the current transfer of leadership. The efficient transfer of ideas and knowledge among researchers and the collaborative efforts at securing funds for the project were also critical to build a common scientific vision, resolve practical difficulties, and ensure the year-after-year continuation of monitoring. Early-career researchers also received immediate benefits through graduate student cosupervisions and copublications.

	4.  Most of the research was conducted by graduate students and postdoctoral fellows under the supervision of the main researchers. Despite some challenges (see next section), the energy and dedication of graduate students injected a great dose of vitality to the program and contributed to the nurturing of the next generation of researchers. The continued renewal of students brings new ideas and sometimes improved ways of doing things. The subsequent recruitment of some of these students in the core team of researchers also helped expand the program and ensured its sustainability.

	5.  We need to be ready to accept surprises that challenge our previous understanding of the system and build from these surprises (Lindenmayer et al., 2010). The reorientation of our program from a primary focus on plant-herbivore to predator-prey interactions after the first decade emerged from initial field observations. The conceptual model that arose from this reorientation (Figure 1) helped us to adjust parameters monitored and sampling design to be sure to collect the information required to answer our questions and test our hypotheses of interest (Ims and Yoccoz, 2017). In retrospect, this conceptual model largely set the course for the success of our program.

	6.  A good knowledge of the study system and of the natural history of the species composing the food web is vital. This avoids gross misinterpretation of the data and may lead to unexpected field observations (e.g., Therrien et al., 2011; Chevallier et al., 2016; see also #5). We implemented the systematic collection of incidental wildlife observations during routine field work. This low-cost activity can be a highly valuable source of information and can provide, over the long-term, useful data to infer the relative abundance and change in phenology of many species. Our project provides several examples of that (e.g., Fauteux et al., 2018; Bolduc et al., 2023).

	7. Acquisition of sound ecological knowledge can only be achieved through extensive presence in the field despite the high time and monetary costs involved. This has been mandatory in our program not only for students who are doing most of the field work but also for the main researchers, who need this experience as well. Although remote sensing (e.g., through field cameras or satellites) or automated data acquisition systems were useful additions (e.g., Lai et al., 2017; Kalhor et al., 2021), they cannot replace presence of investigators in the field. Besides, the presence of students and researchers at the field station together helped to forge a sense of belonging within the team, created emulation and was a formidable incubator of new ideas during discussions after long days spent in the field.

	8.When collecting long-term data, it is vital to use quantitative, consistent, and repeatable methods adapted to the field site and stick to them, an approach that we adopted right from the start. All our field protocols are detailed in an in-house field manual, which expanded over the years as new components were added. This manual was essential to train new students over the years and ensured they had a resource to refer to when questions arose in the field. In a few situations where a change in methods was warranted, we made sure that there was a period of overlap between the two methods to validate them and maintain data continuity. Site comparison at the international level, such as the one achieved during the International Polar Year, can only be accomplished if protocols are harmonized and comparable (Berteaux et al., 2017). Several of our field protocols are included in technical manuals published online to the benefit of all (Cadieux et al., 2015, Cadieux et al., 2019; Lai and Berteaux, 2019).

	9. Our project has combined several methodological approaches such as intensive short-term studies, long-term monitoring, experimental manipulations, and modelling. We believe that the combination of these approaches is highly desirable for research and training, and has considerably improved our understanding of the functioning of the food web.

	10. Long-term projects are prone to generate a large amount of data and thus sound database management is of the utmost importance. This is particularly challenging with ecological data given the great diversity of data types collected, which comes primarily from observations by field workers and not recordings by automated sensors like temperature probes. This was initially a weakness of our program, primarily due to lack of sufficient funds, but the issue was progressively addressed and most data are now entered in relational databases. These databases are published on line in the collection NordicanaD maintained by the Centre d’études nordiques, Université Laval (https://nordicana.cen.ulaval.ca/) or on other global archives such as Movebank (https://www.movebank.org/cms/movebank-main). Nonetheless, regularly updating datasets remains a constant challenge.

	11. It is important to consider multiple spatial scales and adjust them to questions or species of interest. For example, comparing animal behavior or distribution inside vs outside the goose colony revealed very important spatial patterns on Bylot Island (Giroux et al., 2012; Lamarre et al., 2017; Duchesne et al., 2021). The “one size fits all” should be avoided. For instance, small herbivores need to be monitored at a much smaller spatial scale (e.g., trapping grids of ca 10 ha) compared to mobile predators (e.g., foxes, at the scale of ca 500 km2) or migratory birds where thousands of kilometers need to be considered when examining connections with wintering areas (Moisan et al., 2023). Expansion of the spatial scale of our program over time allowed us to address increasingly complex questions at the scale of the whole food web.

	12. Building and maintaining harmonious relations with the various stakeholders who have a vested interest in the research, and hold some power to decide who can use the study site and how, is also a key to the success of a long-term monitoring. In our case, partnerships with government agencies (primarily Environment and Climate Change Canada and Parks Canada) and the local Inuit community were established and maintained throughout the project.



It is interesting to note that many of these ingredients have been identified as key features of an effective ecological monitoring program by previous authors (Ims and Yoccoz, 2017; Lindenmayer and Likens, 2018).




8 Challenges of the program

We have identified six main challenges encountered during our long-term monitoring of the Bylot Island food web.

	1. The lack of dedicated funding for long-term monitoring programs such as ours is a common problem (Lindenmayer, 2018) and we had to secure funding from multiple sources to maintain it. Most of our funding is short-term, which requires frequent grant renewal, a time-consuming task. One of the most critical components of Arctic field research is the helicopter and fixed-wing aircraft support that needs to be secured annually from a government agency in Canada (Polar Continental Shelf Program). Funding of this agency within the government is vulnerable to shifting political priorities and is thus periodically a source of concerns. The lack of stable, long-term funding dedicated specifically to monitoring may also lead to the termination of some time series in the long run although we have so far been able to avoid it. A related issue is that monitoring is generally not considered “rocket-science” by grant evaluation committees and thus the word “monitoring” should be avoided in many grant applications. On the one hand, this forces us to focus our research proposals on specific questions and hypotheses that can be addressed in the short-term, which is not a bad thing in itself. Nonetheless, this contributes to devaluating monitoring activities as it fails to recognize the enormous contribution of long-term data in answering these questions.

	2.  The long-term nature of the research does not fit well with the length of graduate student theses (typically 2-4 years). Although each student needs to collect data to answer the specific questions of his project, it is also important that each of them contributes to the collection of a core set of data (e.g., annual animal abundance) for the good of the long-term project. In some situations, such as when time available to do field work is limited, these dual objectives may enter in conflict and create tensions. Maintaining a good team spirit in the group and making sure that everybody understands the value of long-term data, including for their own project, helps to alleviate these problems. It is also important that experienced students returning to the field site take time to properly train new students to ensure that protocols used to collect long-term data are correctly applied. On a longer time-scale (20-30 years), interests and expertise can change between successive generations of researchers, potentially preventing some time series to expand beyond this time scale. It is thus important to have procedures in place that allow smooth transfer of expertise and datasets across generations of researchers to prevent the loss of important information including informal knowledge.

	3.  Another common problem of long-term studies is the lack of replication because it is often conducted at a single site (Lindenmayer and Likens, 2018), as in the case of the Bylot Island program. Therefore, we can never exclude the possibility that some of our results are due to peculiarities of the site, such as presence of a large goose colony or the coastal nature of the site in our case, which could cast some doubts on their generality. Fortunately, the large-scale project ArcticWOLVES funded during the International Polar Year (Gauthier and Berteaux, 2011) allowed us to replicate some of the food web studies conducted on Bylot Island at other circumpolar sites. A large-scale experiment showed the pervasive role of predation in promoting long-term migration (McKinnon et al., 2010). A comparative analysis also showed that the dominance of the predator-prey interaction in structuring the tundra food web of Bylot Island (Legagneux et al., 2012) was a general feature across the circumarctic tundra and not unique to our study site (Legagneux et al., 2014). It also revealed that herbivore body mass affected the strength of predator-prey interactions, with large herbivores, which are absent on Bylot Island, largely escaping predation. This illustrates well the power of long-term studies conducted at a single site in combination with short-term replications at other sites to confirm generality.

	4.  A related issue is the question of statistical design used to collect field data, which was not always ideal on Bylot Island. As examples, we can cite the lack of replication of our predator exclusion experiment (Fauteux et al., 2016) or the uneven spatial distribution of transects to assess prey abundance and distribution (Lamarre et al., 2017). Resources available and logistic constraints, such as the difficulty to reach sampling sites at the right time because people have to walk or wait for helicopter availability, are huge challenges when working at a remote Arctic site. In situations where true randomization was not possible, we strived to minimize potential biases using various approaches, such as a Before-After Control-Impact design for manipulations (Smith, 2013), selecting sites based on previous knowledge of the area to increase representativeness or repeat sampling over time. Whenever possible, we improved sampling design over time but made sure that it did not compromise the continuity of long time series.

	5. In some systems, human-caused habitat disturbance can profoundly change cause-effect relationships in the studied system, or even prevent the continuation of experimental or observational protocols (Lindenmayer and Likens, 2018). Luckily, Bylot Island is a protected area (i.e. a national park) where major human disturbances have so far been avoided although some migratory species can be exposed to changes occurring on their wintering ground (e.g., Gauthier et al., 2005). We also strived to minimize researcher-induced disturbance and to test for its possible effect (e.g. Bêty and Gauthier, 2001). However, our monitoring program is not immune to other forms of disturbances such as factors preventing access to the site, which occurred for two years during the Covid19 pandemic and created unfortunate gaps in the data.

	6.A related issue that can also affect the longevity and quality of long-term monitoring programs is the shifting priorities of stakeholders and local communities. It is especially relevant for our program because we are in a native territory and Inuit have to approve research permits. Increasing awareness of local communities to the importance of long-term environmental monitoring projects and of their participation in those projects is vital for their success. Developing and maintaining partnerships with local communities come with its own set of challenges, including distance, cultural differences, the need for trust-building, limited capacity in the communities and fatigue of local representatives when too many researchers are present in an area.






9 Conclusion

Robust monitoring is essential to provide sound baseline to detect future changes and to understand the mechanisms involved (Ims and Yoccoz, 2017). We believe that the Bylot Island ecological monitoring program provides a rare example of that in the Arctic, a region at the forefront of environmental changes due to rapid climate warming (Rantanen et al., 2022) but where field studies present unique challenges. We recognize that our program was not originally designed to address the consequences of climate change per se on Arctic ecosystem, but rather to understand the functioning of the Arctic food web. If the program had been designed specifically to address this question, some parameters could have been monitored differently or more of them could have been measured (Christensen et al., 2013). Nonetheless, we argue that our detailed studies oriented to understand mechanisms at work combined with the sustained measurement of several key components of the biota and of local climate conditions provide the essential ingredients required to detect and attribute most climate-driven changes occurring in this ecosystem. Moreover, integrating monitoring data and climate projections in food web models could help us better anticipate future change in this ecosystem, an approach that we recently initiated (Hutchison et al., 2020). We also believe that, as our program matured, its relevance largely exceeded the Bylot Island ecosystem and helped to shape broad ideas in ecology (e.g. McKinnon et al., 2010; Legagneux et al., 2014; Moisan et al., 2023).

Although the Bylot Island program has been so far highly successful, especially in terms of scientific impact and longevity, it is useful to project in the future and ask some questions. For instance, how long our ecological monitoring will remain relevant? How long should the program last? Thirty years may seem long because this is the average length of an academic career. It could be considered enough by many to understand key ecosystem processes and cover the range of natural variability. It could even be argued that 30 years provide a representative sample of periodic phenomena such as the 3-4-year lemming cycle, which is a major source of variability in the tundra ecosystem (Gauthier et al., 2024). On the other hand, 30 years remain a short period with respect to other ecological processes, such as the normal turnover of species that every ecosystem experiences. The same applies when trying to detect changes in ecosystem processes that may exhibit transient dynamics in response to environmental forcing (Hastings et al., 2018; Gauthier et al., 2024), or to determine whether the system has reached a tipping point leading to a state shift (Saulnier-Talbot et al., 2023). This is especially relevant in High Arctic systems like ours that have so far shown relatively little change in their biota despite ongoing warming (Gauthier et al., 2013; Schmidt et al., 2023).

Our Inuit partners often ask us “How long will you work here?”. Our typical answer is usually “We do not know”. Documenting, understanding and predicting the impacts of climate change on Arctic biodiversity and ecosystem functions are difficult tasks and it is unrealistic to think that these issues can be fully addressed over a fixed timeframe. Therefore, a more appropriate answer to this question could be “As long as we can”. Nonetheless, long-term ecological monitoring will always remain vulnerable to shifting scientific and political priorities, changing logistical constraints, and turnover within principal investigators. Regardless, our team will always remain committed to pursue the highest scientific standards possible in their ecological studies.
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