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Ecological studies investigating niche breadth and overlap often have limited spatial and temporal scale, preventing generalizations across varying environments and communities. For example, it is not clear whether species having restricted diets maintain such patterns relative to closely related species and across their geographic range of co-occurrence. We used stable isotope analysis of hair and fur samples collected from four regions of sympatry for Canada lynx (Lynx canadensis) and bobcat (Lynx rufus) spanning southern Canada and the northern United States, to test the prediction that the more generalist species (bobcat) exhibits a wider dietary niche than the more specialist species (Canada lynx) and that this pattern is consistent across different regions. We further predicted that Canada lynx diet would consistently exhibit greater overlap with that of bobcat compared to overlap of bobcat diet with Canada lynx. We found that Canada lynx had a narrower dietary niche than bobcat, with a high probability of overlap (85–95%) with bobcat, whereas the bobcat dietary niche had up to a 50% probability of overlap with Canada lynx. These patterns of dietary niche breadth and overlap were consistent across geographic regions despite some regional variation in diet breadth and position, for both species. Such consistent patterns could reflect a lack of plasticity in species dietary niches. Given the increasingly recognized importance of understanding dietary niche breadth and overlap across large spatial scales, further research is needed to investigate the mechanisms by which broad-scale patterns are maintained across species and systems.
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Introduction

Variation in dietary niche breadth has been associated with various aspects of species distributions, including range size and expansion (Lanszki et al., 2022), heterogeneity of spatial distributions (Alberdi et al., 2020) and environments occupied (Walsh and Tucker, 2020; Fargallo et al., 2022), and responses to landscape change (Kellner et al., 2019). This diversity of outcomes highlights that many factors likely contribute to shaping dietary niche breadth. It also emphasizes the relevance of broad-scale patterns in dietary niche breadth to understanding community and ecosystem dynamics, predicting species responses to global change, and addressing biodiversity declines. Given the various factors that can influence dietary niche breadth and overlap, regional variation could affect broad-scale patterns of niche breadth within a species and overlap between species. However, these uncertainties have rarely been investigated across broad spatial scales, especially among species that occupy large geographic ranges and occur at low densities across the landscape.

Niche breadth is influenced by the availability of preferred resources, which may be impacted by community interactions, and proclivity to exploit alternate resources (Mac Arthur and Levins, 1964; Rozenweig, 1991; McGill et al., 2006). Foraging theory predicts that, owing to their higher proficiency to acquire preferred resources, species with restricted food preferences will have narrow dietary niches that overlap with those of sympatric species having more generalized feeding patterns (Stephens and Krebs, 1986). Alternatively, species with broad food preferences and that consume alternate food types when preferred resources are scarce will be reflected by wider dietary niches (Stephens and Krebs, 1986). However, local conditions or circumstances such as the frequency with which resources, environments, or communities fluctuate spatially and/or temporally can alter foraging strategies (Mac Arthur and Levins, 1964; Devictor et al., 2010). Individual specialization further contributes to the population-level diet breadth and variation observed across different spatial and temporal scales (Bolnick et al., 2003; Devictor et al., 2010; Costa-Pereira et al., 2019). Given the challenges of collecting data on trophic interactions across large scales in the field, the prediction that patterns of dietary niche position, breadth, and overlap are maintained across geographic ranges has rarely been tested. It follows that stable isotope analysis offers a novel and informative means for assessing this prediction and potentially overcoming challenges associated with conducting expansive research.

We assessed the dietary niche of two closely related carnivores, known to consume similar prey, across multiple regions spanning a broad geographic scale. Canada lynx (Lynx canadensis) and bobcat (Lynx rufus) are typically classified as “specialist” and “generalist” consumers, respectively (Anderson and Lovallo, 2003), although these classifications are recognized as being over-simplifications when considered across temporal or spatial scales (e.g., see Roth et al., 2007; Burstahler et al., 2016). Canada lynx primarily occupy the North American boreal forest, Rocky Mountains, and northeast United States, whereas bobcat occur in southern Canada, throughout the contiguous United States and extend into Mexico (Anderson and Lovallo, 2003). The two species thus occur in sympatry only across the Canada-United States border and in the Rocky Mountains (Peers et al., 2013). Increased abundance of bobcats as well as their recent range expansion (Lavoie et al., 2009; Roberts and Crimmins, 2010), and reductions in lynx abundance and range retraction (Koen et al., 2014b; Marrotte and Bowman, 2021) could also be related to dietary niche variation for one or both species. We evaluated dietary niche position, breadth and overlap for Canada lynx and bobcat using stable isotope analysis of hair and fur samples collected from multiple regions spanning their sympatric range. We predicted that: (1) dietary niche position of both species would vary regionally (e.g., due to regional differences in prey availability and/or isotopic signatures); (2) Canada lynx dietary niche would consistently be narrower than that of bobcat; and (3) dietary niche of Canada lynx would be more similar to that of bobcat (i.e., have a higher probability of overlap) than vice versa.



Materials and methods


Sample collection and isotopic analysis

Canada lynx and bobcat hair and fur samples were collected between 2009 and 2012 from the North American Fur Auctions (Toronto, ON) and Fur Harvester Auction Inc. (North Bay, ON). We analyzed samples available for areas of sympatry between Canada lynx and bobcat in four regions: (1) southeastern British Columbia (Canada lynx, n = 28; bobcat, n = 54), (2) west of Lake Superior in Ontario and Minnesota (Canada lynx, n = 63; bobcat, n = 19), (3) the interlake region of Sault Ste. Marie, Ontario and Michigan (Canada lynx, n = 18; bobcat, n = 8), and (4) southern Québec along the St. Lawrence river (Canada lynx, n = 32; bobcat, n = 23), hereafter referred to as British Columbia, western Ontario, central Ontario, and Québec, respectively. Geolocations for harvested pelts represent the centroid of the trapline or management unit from which each animal was harvested (Row et al., 2014; Figure 1). Note that despite these regions of sympatry, there is limited evidence that the two species hybridize (Koen et al., 2014a).
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FIGURE 1
 Map of Canada lynx and bobcat sampling locations in North America.


We measured stable isotope ratios (δ13C and δ15N) of fur samples to assess niche position, breadth and overlap for the two species. Canada lynx and bobcat share similar hair growth patterns, moulting once in the spring (April–May) and once in the autumn (October–November; Quinn and Parker, 1987; Anderson and Lovallo, 2003). Canada lynx and bobcat fur samples were taken from the hind leg of pelts from winter-harvested animals and therefore, stable isotope measurements reflect the autumn diet for both species. All fur samples were washed with soap and water, rinsed thoroughly, and then oven-dried at 60°C for 48 h. Samples were homogenized into a fine powder using a ball mill, wrapped in tin capsules, and sent to the Chemical Tracers Laboratory, Windsor, ON, Canada for δ13C and δ15N measurement using a continuous-flow isotope ratio mass spectrometer.



Data analysis

Based on previous studies that found little annual variation in the diets of Canada lynx in the southern part of their range (Szumski et al., in review), we assumed limited temporal variation in Canada lynx and bobcat diets during the 4 years of our study and therefore pooled observations within each region across years. Note that isotopic signatures did not differ qualitatively according to year in which samples were taken for region (Supplementary Figure 1). To further confirm our assumption, we fit a multivariate generalized linear mixed effects model using the MCMCglmm package in R (Hadfield, 2010) with species and region as fixed effects and random intercepts for year. The random year effect was almost zero (posterior mean = 0.0017, lower 95% CI = 1.6e-17, upper 95% CI = 0.0026) and explained <1% of the total variation in δ13C and δ15N ratios, confirming the negligible effect of year.

We compared niche breadth and overlap of lynx and bobcat within each region using the R packages “SIBER” (Jackson et al., 2011) and “nicheROVER” (Lysy et al., 2015; Swanson et al., 2015). The isotopic niche region is defined by each niche axis (δ13C and δ15N) and treated as a trait probability density function that can be compared against other groups (Carmona et al., 2016). Uncertainty is incorporated into niche region estimates using a Bayesian framework, whereby the 95% highest density interval for each niche axis is used as a continuous distribution from which to sample iteratively. We estimated niche regions based on the mean and variance of δ13C and δ15N for each species using an uninformative, normal Inverse Wishart prior (α = 95%). We ran two chains of 10,000 iterations, burning the first 1,000 draws and thinning every 10 draws.

The breadth of resource use along both diet axes (δ13C and δ15N) can be summarized by standard ellipse area (SEA) in SIBER, and further broken down into each niche axis for analysis of niche position and overlap in nicheROVER. Posterior distributions represent the full range of feasible parameter values, given observed data and prior probabilities (which we kept vague to minimize the influence on the posterior). Thus, probabilistic difference in niche position and variance between species is inferred from overlap of posterior distributions. As probability density functions integrate to 1, density of posterior solutions is directly proportional to relative proportion of that trait value in the population (Carmona et al., 2016) and thus may be used as a proxy for exploitation proficiency of the population (Devictor et al., 2010). Niche overlap is then calculated as the probability that the isotopic ratio of a random individual from one species would occur within the 95% highest density niche region of the competitor species.

Multivariate normality is assumed for both SIBER and nicheROVER, which we verified graphically using qq-plots of Mahalanobis distances (Legendre and Legendre, 2012) for each species and region. Three bobcat samples were identified as statistical outliers that were excluded from analysis: one from British Columbia with very low δ15N (−0.32‰), one from British Columbia with very high δ13C (−17.5‰), and one from Québec that was enriched in both 13C and 15N (δ13C = −18.5‰, δ15N = 9.14‰). Given that these stable isotope ratios are nonetheless consistent with the scope of values reported for North American mammals (Roth et al., 2007), we repeated the analysis with these outliers included and found that the results (Supplementary Figures 2–5) remained consistent with those presented here.




Results

As expected, niche position of each species varied regionally (Figures 2, 3). Mean δ13C of Canada lynx varied by up to 0.66‰ across regions, and less than that of bobcat, which varied by up to 1.90‰. Alternatively, mean δ15N of bobcat varied by up to 1.09‰, and less than that of Canada lynx, which varied by up to 1.83‰. The relative niche position of Canada lynx and bobcat also differed along one niche axis (δ13C or δ15N) across all study regions (Figures 2, 3). In all regions except British Columbia, the mean δ15N for bobcat was 0.7–0.9‰ higher than that for lynx, but mean δ13C values were similar for both species. In British Columbia, mean δ13C for bobcat was 1.7‰ higher than that for lynx and mean δ15N was similar for both species. Variance in δ13C and δ15N were generally higher for bobcat than lynx, reflecting the presumed broader range of prey consumed by bobcat, except for δ13C in central Ontario and δ15N in western Ontario, where estimates for both species were similar. Covariances of δ13C and δ15N were generally positive, except for lynx in central Ontario that was negative, suggesting that isotopic ratios of δ13C and δ15N tend to vary together.
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FIGURE 2
 Stable isotope ratios of Canada lynx and bobcat in each study region: British Columbia (BC), western Ontario (ON_west), central Ontario (ON_central), and Québec (QC). Ellipses depict 95% confidence levels.
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FIGURE 3
 Posterior distributions of mean and variance/covariance (Σ) of δ13C and δ15N stable isotope ratios for Canada lynx and bobcat in each study region: British Columbia (BC), western Ontario (ON_west), central Ontario (ON_central), and Québec (QC).


Stable isotope ratios revealed greater variation in bobcat diet, reflecting consumption of a greater diversity of prey compared to Canada lynx. This observation was consistent across all four regions, supporting the prediction that the dietary niche of lynx would consistently be narrower than that of bobcat (Figures 2, 4). Mean estimates of isotopic niche breadth (measured as the standard ellipse area) for bobcat ranged between 1.8–3.3‰2 and were consistently higher than that of Canada lynx (0.5–1.5‰2) by a factor of 2.3 (British Columbia) to 3.8 (Québec; Figure 4).
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FIGURE 4
 Posterior distributions of dietary niche breadth estimates measured as standard ellipse area for lynx and bobcat in each study region: British Columbia (BC), western Ontario (ON_west), central Ontario (ON_central), and Québec (QC). Black points show the mean, gray plus signs show the sample-corrected standard ellipse area, and dashed lines show 95% credible intervals of the posterior distribution.


Our findings further support the prediction that dietary niche of Canada lynx would exhibit a higher probability of overlap with that of bobcat than vice versa (Figure 5). The probabilities of a lynx’s isotopic ratios occurring within the dietary niche region of bobcat were consistently skewed toward 100% (mean estimates ranging between 85% and 95% across study regions), indicating the likelihood of complete niche overlap of lynx with sympatric bobcat populations. In contrast, the probability of an individual bobcat’s diet overlapping with dietary niche of the sympatric lynx population was considerably lower in all regions (mean estimates of 35–50%; Figure 5). Credible intervals for estimates of mean diet overlap between species were broader for central and western Ontario, likely due to smaller sample sizes (n = 19 bobcat in western Ontario; n = 8 bobcat and n = 18 Canada lynx in central Ontario). Nonetheless, the remarkable consistency in these species’ dietary niche breadth and overlap across regions suggests that general patterns of diet breadth and differentiation operate at large spatial scales.

[image: Figure 5]

FIGURE 5
 Posterior distributions of the probability that an individual of one species falls within the 95% niche region of the competitor species in each study region: British Columbia (BC), western Ontario (ON_west), central Ontario (ON_central), and Québec (QC). Vertical lines show the mean (solid) and 95% credible intervals (dashed) of the posterior distribution.




Discussion

Our results revealed consistent patterns in dietary niche breadth and overlap of two sympatric carnivores, across a broad spatial scale. The dietary niche of Canada lynx was narrower and had a high probability of overlapping with the niche region of bobcat, whose dietary niche was broader and had a lower probability of overlapping with that of Canada lynx, across all four regions. Consistency in these patterns occurred despite regional variation in the niche position and breadth of each carnivore, providing compelling evidence that patterns in niche breadth and overlap are maintained across broad geographic scales.

Previous investigations into broad geographic patterns in dietary niches and their drivers have mainly focused on interspecific variation (e.g., Papacostas and Freestone, 2016; Gainsbury and Meiri, 2017; Granot and Belmaker, 2019), whereas studies investigating intraspecific variation have largely focused on individual specialization and niche characteristics in the context of environmental variation occurring at more localized scales within a single region or population (e.g., Woo et al., 2008; Abbas et al., 2011; Navarro-López and Fargallo, 2015). Therefore, the current study is unique in that we investigate intraspecific variation in niche position and breadth across a broad spatial scale, and show that despite regional variation, interspecific patterns in niche breadth and overlap appear to be maintained for two closely related species. As predicted by the ecological theory, the niche region of the species with more restricted feeding (Canada lynx) consistently exhibited a narrower dietary niche with a high probability of overlap with the more generalist consumer (bobcat), whereas the broader niche region of bobcat exhibited much lower probability of overlap with Canada lynx. Although we did not infer the specific drivers of this consistency, observed patterns could arise from interspecific variation in dietary preferences or competitive interactions. Previous studies examining spatial and temporal variation in niche breadth of Canada lynx found that it appears to vary with the dynamics of its primary prey (snowshoe hare) both over time (Burstahler et al., 2016) and spatially along a latitudinal gradient (Roth et al., 2007; Szumski et al., in review), suggesting that prey availability might be key in determining feeding strategy. If this is the case for both bobcat and Canada lynx, we might expect regional variation in niche breadth to be positively correlated for the two species. While we observed this trend overall (Supplementary Figure 6), we lack sufficient data to formally test this prediction. Yurkowski et al. (2016) is one of the few other examples of studies having characterized dietary niches across a broad spatial scale. That study detected lower population-level niche breadth of both ringed seals and beluga whales at higher latitudes, presumably due to lower prey diversity in the high Arctic (Yurkowski et al., 2016). They further revealed dietary generalization in beluga whales and individual specialization in ringed seal that was higher in populations with wider niche breadth (Yurkowski et al., 2016), implying that latitudinal variation in population-level niche breadth is driven by different foraging strategies at the individual level for each species. The above findings highlight the need for further research investigating intraspecific variation in niche breadth over broad geographic scales, its role in population-level and interspecific patterns, and the underlying driving mechanisms. Such efforts will be especially important to better understand the implications of observed broad-scale changes in species distributions and biodiversity loss.

Many factors could influence spatial variation in niche breadth. Niche breadth is predicted to vary with prey diversity and availability (Yurkowski et al., 2016; Carvalho and Davoren, 2020). Likewise, predator densities can also influence feeding strategies via intraspecific interactions (Svanbäck and Bolnick, 2007). Environments that are either extreme or stable could promote dietary restriction due to lower ecological opportunity or local adaptation of narrow ecological niches (Jocque et al., 2010; Bonetti and Wiens, 2014; Rivas-Salvador et al., 2019). Ecological specialization is also widely predicted to arise in environments with greater species richness owing to more opportunity for community-level interactions (Kartzinel et al., 2015; Granot and Belmaker, 2019). Mechanisms underlying patterns in niche breadth and overlap we observed could be important for understanding range expansion and retraction of bobcat and Canada lynx, respectively (Koen et al., 2014; Marrotte and Bowman, 2021). A recent study suggested that trophic niches based on resource use (i.e., Eltonian niche) may be more relevant to the distribution of species at fine spatial scales, while habitat niches based on climate or environmental conditions (i.e., Grinnellian niche) may be more important across large geographic scales (Stevens, 2022). However, due to challenges associated with collecting necessary field data, few studies have characterized trophic niches across broad spatial scales thus limiting their incorporation into species distribution models (Austin, 2002; Araújo and Guisan, 2006). Peers et al. (2013) investigated the Grinnellian niche of Canada lynx and bobcat, concluding that bobcat may displace Canada lynx when both species overlap. However, they also found that bobcat habitat niche breadth expanded in regions of sympatry with lynx (Peers et al., 2013), suggesting that the former species might also be displaced by Canada lynx. We do not know whether these habitat and space use dynamics translate to our observations of Canada lynx and bobcat dietary breadth and overlap. It is notable that Grinnellian and Eltonian niches are not independent of each other, as co-occurring species have access to similar resources. However, the mechanisms influencing breadth of one type of niche does not imply that the same mechanisms act on the other. Further investigation into spatial variation in niche breadth and the relative importance of environmental conditions and resource use in species distributions will therefore be valuable, especially for those species undergoing range shifts, expansions, and contractions, like Canada lynx and bobcat. Stable isotope analysis of fur or other samples provides an efficient and robust method for addressing these questions, compared to more traditional approaches involving intensive field research.

When trying to assess dietary niches using stable isotopes, spatial and temporal variation in isotopic ratios of both consumers and their food sources therefore need be considered, as isotopic signatures are expected to vary with carbon sources, assimilation, as well as community trophic structure (Farquhar et al., 1989; Layman et al., 2012). Other studies have measured isotope ratio variation across regions for both snowshoe hare and red squirrel (Tamiasciurus hudsonicus), the primary prey for lynx (Roth et al., 2007; Merkle et al., 2017) and bobcat (Newbury and Hodges, 2018) in our study regions. Red squirrels (and other rodents) are typically enriched in both δ13C and δ15N compared to snowshoe hares (Roth et al., 2007; Merkle et al., 2017; Szumski et al., submitted). The mean values of δ13C and δ15N of Canada lynx in our study are consistent with values reflecting high consumption of snowshoe hares, whereas mean δ13C or δ15N of bobcat were consistently elevated. Our findings are also consistent with previous studies showing general patterns of prey consumption for both species (e.g., O’Donoghue et al., 2001; Witczuk et al., 2015; Ivan and Shenk, 2016; Newbury and Hodges, 2018). Consequently, it is likely that Canada lynx in our study consumed a greater proportion of snowshoe hares, whereas the broader dietary niche of bobcat reflects a greater reliance on different prey types such as red squirrels and other rodents.

Although dietary niches may be related to isotopic niches, they are not the same. Variation in isotopic niches arises not only from changes in diet but also from variation in isotopic baselines and diet-tissue discrimination factors (Wolf et al., 2009; Hette-Tronquart, 2019). For example, food availability was shown to influence individual isotopic signatures through differences in diet-consumer isotope fractionation associated with variation in growth rates (Gorokhova, 2018). Various stress factors (e.g., malnutrition, parasitism, exposure to toxic substances) were also found to influence isotopic signatures, which could also be misinterpreted as variation in dietary niches (Karlson et al., 2018). Isotope ratios like those used in our study reflect a mean value of an individual’s diet and, consequently, measures of dietary niches (i.e., position, breadth, and overlap) reflect between-individual variation rather than within-individual variation (Bearhop et al., 2004; Jackson et al., 2011). Within-individual variation in dietary niches can be measured by sampling various tissues from the same individual that vary in the time with which dietary signatures are integrated (Bearhop et al., 2004) or by performing stable isotope analysis on serially sectioned tissues (Rogers et al., 2020). Demographic factors such as age/size structure and sex ratios are also expected to influence intra- and interpopulation variation in isotopic signatures (Bolnick et al., 2003; Burstahler et al., 2016). In one lynx population, age classes responded differently to changes in hare density, with diet breadth of yearlings increasing at low hare densities, while adults and dependent juveniles maintained a constant diet through the initial decline in hare density (Burstahler et al., 2016). Although these data were not available in the current study, future studies investigating mechanisms underlying patterns in niche breadth and overlap would therefore benefit from ancillary data collected at the level of individuals (e.g., age, sex, health status) and stable isotope analyses that permit estimation of both between- and within-individual variation to assess the role of individual specialization across broad geographic scales.

To conclude, we recognize that organisms can adjust foraging strategies in response to a range of ecological conditions and constraints (e.g., Díaz-Ruiz et al., 2013, Manenti et al., 2013, Karanth et al., 2017). Despite this, Canada lynx and bobcat exhibit a remarkably consistent pattern of niche breadth and overlap across regions spanning a broad spatial scale, for which the underlying mechanisms remain unknown. However, this finding provides evidence that could suggest a lack of plasticity in species’ diet features, implying that many community-level trophic interactions and ecosystem dynamics may be shaped largely by evolutionary processes that operate at the scale of the species rather than the population. Connecting mechanisms driving niche breadth and overlap at fine scales to those resulting in maintenance of consistent patterns across broad spatial scales will be important for furthering our understanding of factors influencing distribution of species and biodiversity loss, as well as incorporating trophic interactions into models aimed at predicting responses to climate change, range shifts, species invasions, habitat loss and fragmentation, and other sources of environmental variation.
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