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Investigators have speculated that the climate-driven “greening of the Arctic” may benefit barren-ground caribou populations, but paradoxically many populations have declined in recent years. This pattern has raised concerns about the influence of summer habitat conditions on caribou demographic rates, and how populations may be impacted in the future. The short Arctic summer provides caribou with important forage resources but is also the time they are exposed to intense harassment by insects, factors which are both being altered by longer, warmer growing seasons. To better understand the effects of summer forage and insect activity on Arctic caribou demographic rates, we investigated the influence of estimated forage biomass, digestible energy (DE), digestible nitrogen (DN), and mosquito activity on the reproductive success and survival of adult females in the Central Arctic Herd on the North Slope of Alaska. We tested the hypotheses that greater early summer DN would increase subsequent reproduction (parturition and late June calving success) while greater biomass and DE would increase adult survival (September–May), and that elevated mosquito activity would reduce both demographic rates. Because the period when abundant forage DN is limited and overlaps with the period of mosquito harassment, we also expected years with low DN and high harassment to synergistically reduce caribou reproductive success. Examining these relationships at the individual-level, using GPS-collared females, and at the population-level, using long-term monitoring data, we generally found support for our expectations. Greater early summer DN was associated with increased subsequent calving success, while greater summer biomass was associated with increased adult survival. Mosquito activity was associated with reductions in adult female parturition, late June calving success, and survival, and in years with low DN, had compounding effects on subsequent late June calving success. Our findings indicate that summer nutrition and mosquito activity collectively influence the demographic rates of Arctic caribou, and may impact the dynamics of populations in the future under changing environmental conditions.
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Introduction

As the Arctic warms at three times the global rate (Arctic Monitoring and Assessment Report, 2021) there are growing concerns about the impacts of climate change on the behavior and demography of migratory, barren-ground caribou (Rangifer tarandus) populations (Fauchald et al., 2017; Mallory and Boyce, 2018; Eikelenboom et al., 2021), and the people that rely on them for subsistence (Kenny et al., 2018). The dynamics of large, barren-ground caribou populations are strongly influenced by bottom-up forage conditions (Messier et al., 1988; Mallory et al., 2018), causing investigators to speculate that the climate-driven “greening of the Arctic” will benefit caribou and conspecific reindeer by providing earlier and longer access to summer forage resources (Cebrian et al., 2008; Tveraa et al., 2013). Barren-ground caribou populations fluctuate widely over the span of decades (Bongelli et al., 2020), but in recent years, most populations have declined in association with warmer, more productive growing seasons (Fauchald et al., 2017). The mechanism driving this unexpected relationship is unknown, but the pattern has raised significant questions about the role of summer habitat conditions in influencing caribou population dynamics, and how climate change may affect caribou herds in the future (Fauchald et al., 2017; Mallory and Boyce, 2018).

Arctic caribou exhibit the longest terrestrial migrations on earth to reach their summer ranges (Fancy et al., 1989; Joly et al., 2020b) which provide access to important forage resources (White et al., 1975; Griffith et al., 2002; Johnson et al., 2021). As capital breeders, caribou must maximize their foraging opportunities during the short Arctic summer to regain body stores lost during the previous winter and amass stores for the upcoming winter and reproductive cycle (Barboza and Parker, 2008; Parker et al., 2009; Taillon et al., 2013). Captive studies on caribou have demonstrated that greater consumption of forage biomass and energy enable caribou to increase their mass, fat reserves, and deposition of protein, while sufficient body protein is needed for fetal development and early lactation (Chan-McLeod et al., 1994; Barboza and Parker, 2008; Taillon et al., 2013; Thompson and Barboza, 2013). Arctic caribou subsist on lichen and senesced vascular vegetation most of the year (Russell et al., 1993; Joly et al., 2015), a diet that is generally high in digestible energy (DE) but very low in digestible protein [indexed by digestible nitrogen (DN)]. During the short Arctic summer growing season, recent studies have found that DE appears to be sufficient in caribou forage, while DN is only abundant in newly emergent vegetation, declining below maintenance levels after mid-summer (Barboza et al., 2018; Johnson et al., 2021). Given this constraint, Barboza et al. (2018) hypothesized that caribou may be limited by their ability to store adequate protein when it is available, which could have effects on their subsequent reproductive success. Given the challenge, however, of quantifying forage quality and quantity over such remote and expansive landscapes, little is known about the role of summer nutrition in driving observed variation in the demographic rates of Arctic caribou.

Summer is a critical period for Arctic caribou to acquire nutrients, but it is also the time when they experience intense harassment by insects (Joly et al., 2020a), which constrains their foraging opportunities. During mid-summer when temperatures peak, harassment by mosquitoes (Culicidae) and oestrid flies (Oestridae) strongly influences the behavior of Arctic caribou and reindeer. Harassment has been associated with reduced time spent foraging, increased time spent walking and running, and movements to areas that are cooler, windier, and have less preferred forage (White et al., 1975; Hagemoen and Reimers, 2002; Witter et al., 2012; Ehlers et al., 2021; Johnson et al., 2021). Given these effects, summers with greater insect harassment have been correlated with reduced calf weights and adult body condition (Helle and Tarvainen, 1984; Weladji et al., 2003; Gagnon et al., 2020), presumably due to decreased foraging efficiency and increased energy expenditure. Investigators have suggested that these effects could have demographic consequences (Colman et al., 2003; Weladji et al., 2003), but the relationship between summer insect harassment and caribou demography has been unknown.

While forage availability and insect harassment strongly shape Arctic caribou behavior during the summer, both factors are being altered as a function of changing climate conditions. Earlier phenology and warmer temperatures in the Arctic appear to be increasing the biomass (Elmendorf et al., 2012; Doiron et al., 2014), but potentially reducing the quality, of summer forage for caribou, particularly forage protein (Doiron et al., 2014; Zamin et al., 2017; Johnson et al., 2018; Richert et al., 2021). During such summers, forage protein can be lower and often declines more quickly, truncating the period that abundant protein is available. Longer, warmer summers may also increase the duration and intensity of insect harassment for Arctic caribou (Witter et al., 2012; Culler et al., 2015; Koltz and Culler, 2021), which could further reduce foraging efficiency and increase energy expenditure, especially during the limited period when forage protein is abundant. Understanding the influence of these factors, and how they may interact, is important as investigators have speculated that even small reductions in summer forage opportunities could have cascading effects on caribou body condition, and subsequently, demographic rates (White, 1983).

To examine the influence of summer forage and insect conditions on Arctic caribou demographic rates, we investigated the roles of forage biomass, DE, DN, and an index of mosquito harassment on the reproductive success and survival of adult females in the Central Arctic Herd (CAH) on the North Slope of Alaska. Because caribou are capital breeders, forage resources acquired during the summer months are expected to influence reproductive success in the subsequent year (Taillon et al., 2013). Therefore, we hypothesized that Arctic caribou reproductive success would (1) increase following summers with greater DN, (2) decrease following summers predicted to have greater mosquito activity, and (3) experience compounding effects after years with both lower DN and higher mosquito activity, as the limited period of abundant DN overlaps with the period of mosquito harassment. We also hypothesized that adult survival would (4) increase following summers with higher forage biomass and DE, and (5) decrease following summers predicted to have higher mosquito activity. To evaluate these hypotheses, we paired demographic and habitat-use data from caribou with spatiotemporal estimates of summer forage and mosquito activity (Johnson et al., 2018, 2021). We tested hypotheses at the individual-level, by evaluating the summer habitat use patterns of global positioning system (GPS)-collared females relative to their annual productivity and survival, and at the population-level, by capitalizing on long-term monitoring data to assess herd summer range conditions relative to annual herd demographic rates. This approach enabled us to take advantage of fine-scale habitat conditions experienced by individual GPS-collared females, while also evaluating long-term trends based on monitoring data that included larger samples of females collared with both GPS and vey high frequency (VHF) technology.



Materials and methods


Study system

The summer range of the CAH includes portions of the Arctic Coastal Plain, and the foothills and mountains of the Brooks Range, Alaska, United States (Figure 1). The terrain gradually rises from sea level along the Arctic Ocean to approximately 1,000 m in the mountains. Landcover in the summer range is dominated by wet and dry graminoids, tussock tundra, dwarf shrub vegetation, and thaw lakes (for additional details see Johnson et al., 2018). Summers in this region are short, cool, and moist, while winters are long, cold and dry with annual precipitation averaging 14.5 cm (Deadhorse AP weather station).1 Between 1991 and 2020, the average temperature in July (warmest month) was 8.5°C and in January (coolest month) was −26.1°C.2
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FIGURE 1
Prediction area for weekly summer forage conditions in the Central Arctic Caribou Herd on the North Slope of Alaska. The top panel depicts estimates of digestible nitrogen 25 June–1 July in 2015, a year which had early spring phenology, and the bottom panel depicts digestible nitrogen the same week in 2018, a year with late spring phenology. The purple line shows the early summer herd range polygon (16 June–15 July) where caribou were located during the period that digestible nitrogen is abundant.


The CAH numbered ∼19,000 caribou when Alaska Department of Fish and Game (ADFG) estimated its population size in 1991 (Lenart, 2021). It increased over the next 2 decades to reach an estimated peak of ∼68,000 caribou in 2010, and then precipitously declined to ∼23,000 in 2016. Since then, the herd appears to be slowly increasing in size, and was most recently estimated at ∼30,000 in 2019 (Supplementary Figure 1).

In May, female CAH caribou migrate north from the Brooks Range to their calving grounds on the central coastal plain. After calving in early June, the CAH continues to move north toward the coast during the post-calving and mosquito harassment periods, and then after mid-summer, shifts south toward the foothills (Johnson et al., 2021). In the fall, the CAH migrates south to winter ranges in the foothills of the Brooks Range, or on the south side of the range (Nicholson et al., 2016), typically wintering in the same general area (Pedersen et al., 2021).



Caribou data

Between 2002 and 2019 ADFG captured and collared adult female CAH caribou (≥3 years old) via helicopter net-gunning. Depending on the year, different numbers of caribou were captured during March–June and fit with either VHF or GPS collars. Caribou GPS collars (Telonics, Lotek) were primarily deployed between 2003–2007 and 2014–2020 (sample sizes in Supplementary Table 1) and were programed to collect a location every 2–12 h, depending on the year and collar type. We excluded GPS locations from the first week post-capture to reduce any capture-related effects in caribou movements. If GPS-collared females left the primary summer range where we estimated forage conditions (Figure 1; described below) during the summer (16 June–31 August), they were excluded from the analyses. Females wearing GPS collars were monitored for survival throughout the year, and were assumed to be dead when a mortality signal was emitted from a collar, or the collar was stationary. Females with GPS collars were used to investigate relationships between individual habitat-use patterns and their annual productivity and survival (being parturient, having a calf at heel in late June, and surviving the remainder of the biological year), while all collared females (wearing GPS and VHF collars) were used to collect annual information on herd productivity (the proportion parturient and the proportion with a calf at heel in late June).

Each year (2002–2020), ADFG conducted two aerial fixed-wing surveys of collared female caribou to quantify reproductive success. During late May and early June (30 May–11 June), the peak of the calving season, they observed each female 1–3 times to determine whether she was parturient (had produced a calf or was likely to). Parturition status was based on the presence of a newborn calf, distended udder, or antlers, a classification approach that has been found to be 97% accurate from fixed wing aircraft (Whitten, 1995). The udder of a caribou distends prior to parturition and remains distended for several days if a calf is lost. Additionally, parturient females typically retain one or both antlers into the calving season while most non-parturient females shed them prior to the calving season (Whitten, 1995). A second aerial survey was then conducted in late June (18–26 June) to determine whether the calves of parturient females survived the neonate period and were still at heel. ADFG assumes there is some error in late June calf survival classifications, which likely increases when caribou are more aggregated, but the error rate is unknown. Late June surveys were not conducted in 2015 or 2016, as caribou were too closely grouped to determine individual calving status.

Because density dependence can influence caribou and reindeer demographic rates (Pachkowski et al., 2013; Peeters et al., 2017), we accounted for the CAH population trend in some of our analyses. Between 1997 and 2019, ADFG conducted an early summer photocensus of CAH during 9 years, which were used to estimate herd abundance (Lenart, 2019, 2021; Supplementary Figure 1). Based on the abundance estimates, we calculated the annual exponential population growth rate (r) between field surveys (assuming r was constant) following the equation ln(NT/N0)/T, where N0 was the previous abundance estimate and NT was the abundance estimate after T years (Mills, 2013).



Characterizing forage and insect conditions

We used spatiotemporal models derived by Johnson et al. (2018, 2021) and data from Adams and Gustine (2018) to predict caribou summer forage biomass (g dry matter [DM]/m2), DN (g/100 g DM) and DE (kJ/g DM; all at 250 m resolution) each week during 16 June–31 August, 2002–2019. Briefly, Johnson et al. (2018, 2021) modeled spatiotemporal variation in field measurements of the quantity and quality of 6 forage species that comprise a majority of the summer diet of caribou on the North Slope (White and Trudell, 1980; Thompson and McCourt, 1981; Russell et al., 1993; Griffith et al., 2002): tussock cottongrass (Eriophorum vaginatum), water sedge (Carex aquatilis), Bigelow’s sedge (Carex bigelowii), Arctic lousewort (Pedicularis spp.), diamond-leaf willow (Salix pulchra), and Richardson’s willow (Salix richardsonii). At field plots, every 2 weeks across the growing season, the aboveground biomass of the current annual growth of each forage species was clipped, dried, and weighed, while representative samples of each species were analyzed for DN and DE. Forage biomass was estimated for each field plot during each sampling occasion as the sum of the biomass estimated for each target species. Nutrient digestibility and DM were estimated from digested residues obtained using an in vitro digestibility method with purified enzymes validated for caribou (VanSomeren et al., 2015). We calculated DN as the product of total nitrogen content (estimated with an elemental analyzer) and nitrogen digestibility, and DE was the product of the gross energy content (determined with an adiabatic bomb calorimeter) and digestible DM. We averaged DN and DE values across the species present on each plot during each sampling occasion.

We then modeled spatial and temporal variation in biomass, DE, and DN using the Normalized Difference Vegetation Index (NDVI) from eMODIS ALASKA data (Jenkerson et al., 2010), days before or after peak NDVI, vegetation type (Boggs et al., 2016), and distance to the coast, and used the models to generate weekly raster predictions of forage conditions across the CAH summer range each year (root mean square error for model predictions of biomass was 8.97 g/m2 DM, for DN was 0.26 g/100 g DM, and for DE was 1.79 kJ/g DM). Forage sampling occurred within four vegetation types (tussock tundra, herbaceous mesic, herbaceous wet, and dwarf shrub), so our predictions were constrained to only those areas (covering 75% of the summer range). Additionally, the models could not predict weekly forage conditions when NDVI values were classified as snow (Jenkerson et al., 2010). Because habitat used by the CAH during the calving season (1–15 June) is often still snow covered (Johnson et al., 2021), our forage predictions commenced at the start of the post-calving period (16 June) and continued through August. An example of weekly predicted DN in late June is depicted in Figure 1, showing the values in a year with early spring phenology (2015) relative to a year with late spring phenology (2018). During summer, forage that provides <1 g N/100 g DM or <9.5 kJ/g DM is likely to impair female caribou, as non-lactating female reindeer were unable to gain mass during summer below these levels (Thompson and Barboza, 2017).

We calculated an index predicting mosquito activity (MI) using the equation from Russell et al. (1993, 2013) that was developed for the neighboring Porcupine caribou herd. This index was based on temperature and wind speed conditions associated with increased mosquito activity in the field, and ranged from 0 to 1 where higher values indicated greater activity. The index equaled 1 when the temperature was ≥18°C and the wind speed was 0 m/s, while it was 0 when the temperature was <6°C or the wind speed was >6 m/s. This index has been highly effective at predicting shifts in caribou behavior (Cameron et al., 1995; Wilson et al., 2012; Johnson et al., 2021), but field personnel have noted that the index can be high even when there is little observed mosquito activity (B. Lenart, personal communication). We calculated MI for each caribou GPS location, and for coordinates within the summer range (see below) based on the date and time using spatial hourly temperature and wind speed data from the Modern-Era Retrospective Analysis for Research and Applications Version 23 (resolution 0.625° × 0.5°; Johnson et al., 2021).



Individual-level analyses of reproductive success and survival

We used data from GPS-collared adult females to examine the influence of an individual’s estimated summer forage and mosquito conditions on their subsequent reproductive success and survival. To quantify a caribou’s exposure to different summer habitat conditions, we first attributed all summer GPS locations with their predicted values of forage biomass, DE, and DN. For each animal-year data set, we then calculated the average biomass and DE at their locations across the summer (16 June–31 August) and average DN during early summer (16 June–15 July), when it typically exceeds the threshold for protein storage (Barboza et al., 2018; Johnson et al., 2021). We also calculated the average MI for GPS locations collected during the mosquito harassment period (25 June–15 July; Johnson et al., 2020).

We then investigated whether estimated summer forage or mosquito conditions (year t) were associated with parturition (classified as being parturient or not, 0/1) or late June calving success (classified as having a calf at heel in late June, 0/1) the following year (year t + 1). Only those females that were alive in the summer of year t and June of t + 1 were included in our analyses. We modeled parturition and late June calving success with generalized linear mixed models using a binomial link function with the “lme4” package (Bates et al., 2015) in R version 4.1.2 (R Core Team, 2021). In all models, we included a random effect for each individual female to account for repeated sampling of some animals. We initially also included a random effect for year, but the coefficient estimates were essentially zero and indicated singular fit, so we excluded this effect (Bates et al., 2015).

For both parturition and late June calving success, we ran several models that enabled us to test our hypotheses about the importance of early summer DN and mosquito season MI, relative to summer DE and summer biomass, on subsequent reproductive success (Table 1 provides the list of models). We also tested for an interaction between early summer DN and MI, given that forage DN only exceeds maintenance levels during the early summer when mosquito harassment is most prevalent (Barboza et al., 2018; Johnson et al., 2021). Additionally, we evaluated global models with and without the interaction term, and null models to confirm that the addition of forage and mosquito covariates improved model fit. Prior to running models, we assessed correlation coefficients (|r| < 0.7; Dormann et al., 2013; Supplementary Table 2) to ensure there were no issues were multicollinearity, and we standardized variables to facilitate convergence (Schielzeth, 2010). We used Akaike’s Information Criterion for small sample sizes (AICc; Burnham and Anderson, 2002) and model weights to rank models. We considered those models within 2 AICc values of our top model to be competitive, as long as they did not include uninformative parameters (i.e., those that include one extra parameter and make little to no improvement in the model log-likelihood but are ranked close to more parsimonious models with lower AIC values; Arnold, 2010; Leroux, 2019). For our top model(s) of each demographic rate, we inspected the residuals using diagnostics from the R package “DHARMa” (Hartig, 2021) and calculated the area under the receiver operating characteristic curve (AUC) as a measure of model performance. We wanted to include the population growth rate as a covariate in all reproductive models, but were missing data for 2019 (there has not been a more recent photocensus to estimate r), which would have excluded 59 observations of parturition and 52 observations of late June calving success. Using individual data from 2003 to 2018, however, we found that a model accounting for the population growth rate did not significantly improve the fit of the null model for either reproductive rate (parturition model with r relative to null model: ΔAICc = 1.28, β = −1.40, SE = 1.68, p = 0.41; late June calving success model with r relative to null model: ΔAICc = 1.51, β = 1.53, SE = 2.06, p = 0.46).


TABLE 1    Model selection criteria for individual-level models of female caribou parturition and late June calving success in the Central Arctic Herd, Alaska, 2003–2020.
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We tested the influence of summer forage and mosquito conditions on individual adult female survival using Cox proportional hazard models (Cox and Oakes, 1984), which allows for staggered entry and right censoring. Consistent with our model set for evaluating reproductive success, we tested the same series of models (Table 3) to examine the influence of summer forage biomass and DE, early summer DN, and MI on adult female survival the remainder of the biological year (1 September–31 May; 9-months). Females that died during the summer (year t; n = 23) were excluded from our analyses, as their summer forage and mosquito metrics were not comparable to those that lived through August. We fit mixed effects Cox models using the R package “coxme” (Therneau, 2020) treating individual female and year as random effects. We used a recurrent study design (Fieberg and DelGiudice, 2009) and censored animals that dropped their collars or experienced collar malfunctions. Prior to running models, we ensured that variables were not collinear (|r| < 0.7). We investigated the proportional hazards assumption in top models by inspecting Schoenfeld residuals with respect to time (Schoenfeld, 1982) and plotted the marginal survival probabilities using the R package “rms” (Harrell, 2021). We did not include the population growth rate as a covariate in our survival analyses, given that we were missing data for 2019 (66 observations). Instead, we tested whether the inclusion of r improved the fit of the null survival model using data from 2003 to 2018, and found that it did not (survival model with r relative to null model: ΔAICc = 0.83, β = −1.16, SE = 1.03, p = 0.26).


TABLE 2    Standardized coefficients from the top individual-level models of parturition, late June calving success, and hazards to 9-month survival (September–May) for adult female caribou in the Central Arctic Herd, Alaska, 2003–2020.
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TABLE 3    Model selection criteria for individual-level models of hazards to survival of adult female caribou in the Central Arctic Herd, Alaska, 2003–2020.
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Population-level analyses of reproductive success

Annual monitoring of VHF- and GPS-collared female caribou allowed us to also examine our hypotheses about the influence of estimated summer forage and mosquito conditions on reproductive success at the population-level. We first delineated polygons of three summer seasonal ranges for the CAH population using all GPS collar locations collected across the study period. We calculated the 90% kernel utilization distribution from locations collected during the “early summer” (16 June–15 July), the “mosquito season” (25 June–15 July), and across the “full summer” (16 June–31 August). Kernel distributions were generated based on 80% of the reference bandwidth (Kie et al., 2010) using the R package “adehabitatHR” (Calenge, 2006), and areas within the Arctic Ocean were removed (see an example of the early summer range polygon for the population in Figure 1). Within each of these seasonal range polygons, we randomly generated 1,000 locations. Each year (2002–2019), we attributed the random locations with their daily predicted biomass, DE, and DN values to characterize average population summer forage conditions. We then calculated average annual DN values for the population early summer range, and average annual biomass and DE values for the population full summer range, during the relevant time periods. To assess annual variation in conditions conducive to mosquito activity, we attributed the 1,000 random locations within the population mosquito range with their MI every 2 h (the sampling period of most GPS collars) based on their spatial coordinates, date, and time. We then calculated the annual average MI for the population mosquito range during the mosquito season.

We assessed the influence of forage and mosquito conditions on reproduction at the population-level using annual monitoring data from all CAH collared females (GPS and VHF; Supplementary Table 1). Annual aerial observations of collared females by ADFG were used to estimate the proportion of females ≥4 years old that were parturient and the proportion that had a calf at heel in late June (Lenart, 2020, 2021), metrics which are used in part to index herd performance for management. To test our hypotheses, we used logistic regression models (generalized linear models with a binomial link function) to examine whether the annual number of females that were parturient or had a calf in late June in year t + 1 (relative to those that were surveyed; 2003–2020) were associated with average early summer DN, summer biomass, summer DE, or the mosquito season MI in year t (2002–2019). Given the small sample size (n = 16 years for parturition models and n = 15 years for late June calving success due to missing surveys), we ran separate models for each forage and mosquito variable to assess their support. We also tested models that included MI or the forage variables along with late June calving success from the previous year to account for potential reproductive carryover effects (Cook et al., 2021). To assess whether density effects were evident, we tested whether the estimated annual population growth rate in year t was associated with either annual parturition or late June calving success in year t + 1. Given our small sample sizes, and missing data for 2019, we assessed the relationship between r and the reproductive rates in separate models.




Results


Individual-level analyses of reproductive success and survival

We obtained an average of 895 GPS locations/female/summer which were used to calculate individual average summer forage and mosquito metrics. Estimated summer forage components at caribou locations varied within and across different growing seasons (Figure 2), and the average forage and mosquito metrics for different individuals varied widely within and across years (Supplementary Figure 2). For GPS-collared females, average annual summer biomass at their locations was 36.07 g/m2 DM (SD = 5.66), summer DE was 10.27 kJ/g DM (SD = 0.31), summer DN was 1.03 (SD = 0.10), early summer DN was 1.26 g/100 g DM (SD = 0.06), and the mosquito season MI was 0.16 (SD = 0.07).
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FIGURE 2
Predicted temporal trends of daily average values of forage (A) biomass, (B) digestible energy, and (C) digestible nitrogen at caribou locations across the summer (16 June–31 August; days 16–92) for the Central Arctic Caribou Herd, Alaska. Average forage values were smoothed and are depicted for 2015, 2018, and 2019, which represent years with early, late, and moderate summer phenology, respectively. The horizontal dotted reference lines for digestible energy and nitrogen indicate thresholds identified for non-lactating, conspecific, female reindeer to gain mass during summer.


We obtained data on parturition from 156 individual caribou, for a total of 344 animal-years, that had accompanying forage and mosquito data the previous summer. We obtained late June calving success data from 145 individual caribou, for a total of 299 animal-years, that had accompanying forage and mosquito data the previous summer. For GPS-collared females, the mean probability of being parturient was 0.89 (SE = 0.02), and the mean probability of having a calf in late June was 0.69 (SE = 0.03). We monitored the survival (1 September–31 May) of 185 adult females, for a total of 416 animal-years, that were GPS collared the previous summer. Over the 9-month monitoring period, the average probability of adult female survival was 0.89 (SE = 0.02).

At the individual-level, the top parturition model included only MI (Table 1). As hypothesized, greater MI in year t was associated with a reduced probability of parturition the subsequent summer (Figure 3; Table 2; unstandardized β = −6.46, SE = 2.74), with greater model uncertainty at higher levels of MI. Four other models were within 2 AICc values of the top model, but three of those included MI with a single forage parameter that was uninformative (Leroux, 2019). The other competitive model included only biomass, but with less than half the weight of the top model (Table 1), having an unexpected relationship that greater forage biomass in year t was associated with a lower probability of parturition the following year (unstandardized β = −0.08, SE = 0.04). The AUC for the top parturition model was 0.95 indicating it performed well.


[image: image]

FIGURE 3
Individual-level probability (and 95% confidence interval) of an adult female caribou being parturient in year t + 1 modeled as a function of the average mosquito index during the mosquito harassment season the previous summer (year t), Central Arctic Herd, Alaska, 2003–2020. The rug plot along the bottom of the figure depicts the distribution of data.


When we assessed the influence of forage and mosquito conditions on the probability of having a calf in late June, we found that the top model included MI, DN, and the interaction between MI and DN (Tables 1, 2); no other models were competitive. As hypothesized, individuals experiencing higher MI had a reduced probability of having a calf the following year (Figure 4A), while those experiencing higher DN had a greater probability of having a calf (Figure 4B). These variables interacted with one another such that greater MI more strongly reduced the probability of late June calving success when forage DN was lower (Figure 4C), with estimates becoming more uncertain at very high levels of MI. The AUC for the top calving model was 0.87 indicating it performed well.
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FIGURE 4
Individual-level probability (and 95% confidence interval) of an adult female caribou having a calf in late June (year t + 1) modeled as a function of the previous summer’s (A) mosquito index during the mosquito harassment season, (B) early summer digestible nitrogen (DN), and (C) the interaction between the mosquito index and DN (DN is depicted at 10, 50, and 90% quantiles of observed values), Central Arctic Herd, Alaska, 2003–2020. The rug plot along the bottom of the figure shows the distribution of data.


The top model of 9-month (September–May) adult female survival included MI and summer biomass (Table 3). Greater MI was associated with reduced adult survival (Figure 5A) and greater biomass was associated with increased survival (Figure 5B; Table 2), with greater uncertainty in model estimates at very high values of MI and very low values of biomass. One other model was within 2 AICc values of the top model (Table 3). It included MI and biomass, along with a positive effect of DE on survival, but this parameter was uninformative (Leroux, 2019). As expected, DN and an interaction between DN and MI were not associated with adult survival (Table 3).
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FIGURE 5
Individual-level probability (and 95% confidence interval) of an adult female caribou surviving 9-months (1 September–31 May) modeled as a function of the previous summer’s (A) mosquito index during the mosquito harassment season, and (B) estimated forage biomass (g/m2), Central Arctic Herd, Alaska, 2003–2020. The rug plot along the bottom of the figure depicts the distribution of data.




Population-level analyses of reproductive success

At the population-level, the average annual proportion of females that were parturient was 0.89, ranging from 0.75 to 0.98 (Figure 6A). The average annual proportion of females observed with calves in late June was 0.74, ranging from 0.52 to 0.91 (Figure 6B). The top model for parturition included MI and previous late June calving success with 56% of the model weight; the second top model included only MI with 37% of the weight (Table 4). Annual parturition rates (year t + 1) were negatively associated with the previous summer’s mosquito season MI (Figure 7A; Table 5), mirroring results from the top model of the individual-level analyses. Parturition rates were also lower when the previous year had high late June calving success (Table 5), suggesting a reproductive carryover effect. The top model of late June calving success included only MI, with 70% of the weight, with lower predicted calving success following summers with greater MI (Figure 7B; Table 5). Models that included a negative relationship with MI or a positive relationship with DN, with or without previous calving success, carried all of the weight in the model set (Table 4). The annual estimated population growth rate was not associated with subsequent reproductive rates (parturition model with r relative to null model: ΔAICc = 2.52, β = 0.47, SE = 1.12, p = 0.67; late June calving success model with r relative to null model: ΔAICc = 2.37, β = 0.67, SE = 1.07, p = 0.53).
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FIGURE 6
Annual population-level proportion of female caribou that were parturient or had a calf at heel in late June (and 95% confidence intervals) in the Central Arctic Herd, Alaska, 2002–2020.



TABLE 4    Model selection criteria for population-level models of parturition and late June calving success of adult female caribou in the Central Arctic Herd, Alaska, 2002–2020.
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FIGURE 7
Annual population-level (A) parturition rates (and 95% confidence intervals) of female caribou modeled as a function of the mosquito index during the previous summer, and (B) late June calving success rates (and 95% confidence intervals) modeled as a function of the mosquito index the previous summer, Central Arctic Herd, Alaska, 2002–2020. The rug plot along the bottom of the figure depicts the distribution of data.



TABLE 5    Standardized coefficients from the top population-level models of parturition and late June calving success of adult female caribou in the Central Arctic Herd, Alaska, 2002–2020.
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Discussion

Our results indicate that summer habitat conditions influence CAH caribou reproductive success and survival, generally supporting our hypotheses. While the value of summer foraging opportunities for caribou has long been recognized (White, 1983), difficulty in assessing nutritional components across expansive Arctic landscapes has hampered our understanding of its impact on caribou demography. We found that greater forage DN was associated with increased subsequent late June calving success, while greater forage biomass was associated with increased September–May adult survival, highlighting the likely differential impacts of forage quality and quantity on caribou demographic rates. Importantly, our findings not only illustrate the relevance of the summer range for providing caribou with nutritious and abundant forage, but also for exposing caribou to mosquito harassment. As predicted, we found that greater MI was associated with reductions in both the reproductive success and survival of adult female caribou, and that summers with both higher MI and lower DN synergistically reduced late June calving success the following year. Given that warmer, longer growing seasons are associated with both higher MI and lower DN (Culler et al., 2015; Zamin et al., 2017; Johnson et al., 2018), these factors may covary and occur more frequently in the future, suggesting that changing climate conditions have the potential to have compounding effects on caribou demographic rates.

As hypothesized, greater mosquito harassment depressed subsequent reproductive success and survival. Indeed, MI was associated with reductions in reproductive success in both our individual- and population-level analyses, and indicated a reduction in September–May adult survival by up to 16% over the observed range of variation. Arctic caribou strongly alter their behavior in response to mosquito harassment, as they increase their energy expenditure, reduce foraging time, and move to barren or snow-covered areas (White et al., 1975; Russell et al., 1993; Johnson et al., 2021). These extreme responses suggest that harassment must be highly consequential to caribou fitness, but the specific effects on caribou demographic rates have been unknown (Joly et al., 2020a). Harassment coincides with the time of year when caribou are in their poorest body condition (Cook et al., 2021) and need to replenish reserves, which may make them particularly vulnerable to insects. Our findings underscore the likely relevance of mosquito harassment for influencing Arctic caribou body condition and demographic rates, and the need to account for this factor in future monitoring and investigations. While we used a temperature- and wind-based index of mosquito activity (Russell et al., 1993, 2013), we suspect that an index incorporating additional variables would have greater accuracy and predictive ability. For example, Witter et al. (2012) found that predictions of mosquito activity were improved by incorporating the cumulative number of growing degree days, which informed the timing of mosquito emergence.

Our individual-level analysis suggested that the probability of having a calf in late June increased following years when caribou had access to greater early summer forage DN. As capital breeders, caribou rely on maternal body stores of nitrogen acquired the previous summer for fetal development and early lactation (Barboza and Parker, 2008; Taillon et al., 2013; Barboza et al., 2020). Because Arctic caribou consume protein poor diets most of the year, primarily consisting of lichen and senesced vegetation (Russell et al., 1993; Joly et al., 2015), we assume that DN stored during the early summer must be conserved for subsequent reproduction, a mechanism supported by our results. Adequate forage DN, however, is only available to the CAH during the first half of the summer (until∼mid–July; Barboza et al., 2018; Johnson et al., 2021), which overlaps with the period of mosquito harassment (∼25 June–15 July). Because higher MI depresses caribou selection for DN (Johnson et al., 2021) we hypothesized that summers with both higher MI and lower DN would have a compounding effect on reproductive success. Individual data on late June calving success supported this expectation, as caribou that experienced both higher MI and lower DN exhibited a decline in their probability of having a calf at heel in the following year. Because available forage DN tends to be depressed during earlier, warmer summers (Zamin et al., 2017), the same conditions that enable earlier, more intense periods of mosquito harassment (Culler et al., 2015), these effects could coincide more frequently in the future. Earlier periods of mosquito harassment also have the potential to overlap with the calving season, when parturient cows and calves have limited mobility and newborns are particularly vulnerable (Culler et al., 2015). Although our hypothesis about the interaction of MI and DN was supported by data on late June calving success, it was not supported for parturition. We suspect this is because the probability of being parturient in the CAH was high (89%), while the probability of having a calf in late June was significantly lower (69%), exhibiting more of the variation in early summer reproductive success. A caribou with low protein stores may birth a calf, but not be able to support it through early lactation (Barboza and Parker, 2008).

While higher forage DN was associated with an increase in subsequent late June calving success, higher forage biomass was associated with an increase in caribou survival, providing support for our hypothesis. Indeed, the September–May survival of adult females was higher following summers with greater forage biomass, which we expect enabled them to gain more mass and fat (Chan-McLeod et al., 1994, 1999; Parker et al., 2009). Greater mass and fat have been associated with increased survival in other caribou and reindeer populations (Parker et al., 2009; Albon et al., 2017), as well as in other large herbivores (Cook et al., 2004; Monteith et al., 2014; Kautz et al., 2020). Surprisingly, however, our individual-level analysis suggested that greater summer biomass may also be negatively associated with subsequent parturition (lowest competitive model with ΔAICc of 1.87). We speculate that greater forage biomass may increase calf survival in the current year (Tveraa et al., 2013), which could have carryover effects on the ability of a female to reproduce in consecutive years (Parker et al., 2009; Newby and DeCesare, 2020; Cook et al., 2021). We did not have adequate data to include the previous year’s calving success in our individual-level models (we were missing data for ∼35% of our observations), but we did include it as a covariate in our population-level models of parturition. We found that previous late June calving success (year t) did indeed reduce parturition in the subsequent year (year t + 1), lending support to our speculation.

Although caribou demographic rates were related to forage DN and biomass, we found no relationships with DE. We had hypothesized that greater DE would increase adult female survival, similar to biomass, as higher DE has been associated with greater mass and fat gain in caribou and reindeer (Chan-McLeod et al., 1994). Given the importance of DE to caribou and other ungulates (Cook et al., 2004; Tollefson et al., 2010; Denryter et al., 2022), we suspect that the lack of relationship between DE and survival was because most forage species within the CAH summer range have DE values exceeding the threshold for energy storage (Barboza et al., 2018; Johnson et al., 2021), so DE does not appear to be limiting. In a post hoc analysis, we assessed associations between CAH demographic rates and early summer DE and biomass, along with early summer DN, as a check that our hypotheses about the relevant periods for different forage components for CAH were appropriate. Our results for parturition and late June calving success were the same; the top model of parturition only included MI, while the top model of late June calving success included MI, early summer DN, and their interaction (Supplementary Table 3). Adult survival exhibited no strong relationships with early summer forage components, as the null was the top model (Supplementary Table 4).

Studies on caribou and other ungulates commonly assess demographic patterns in relation to satellite-derived proxies of vegetation growth, like NDVI (Tveraa et al., 2013; Stoner et al., 2016; Fauchald et al., 2017; Lukacs et al., 2018), but few studies assess direct links to the nutritional components of vegetation that animals select (but see Long et al., 2016; Proffitt et al., 2016). By modeling different forage components at landscape scales, we were able to investigate the separate effects of forage quality and quantity on caribou reproductive success and survival, finding that greater quantity was associated with higher survival while greater quality was associated with higher late June calving success. Such information may be useful in diagnosing the underlying mechanisms of depressed demographic rates in the future. Interestingly, even within the same summer, we observed high variation in the estimated forage and mosquito conditions of individual females depending on their habitat-use patterns (Supplementary Figure 2). This highlights the importance of understanding how variation in habitat use confers animal fitness (Gaillard et al., 2010; DeCesare et al., 2014), especially under changing environmental conditions. Importantly, the habitat-demography relationships we identified also largely mirror our recent findings on how caribou select for forage and mosquito conditions, especially at fine spatial scales. Using resource selection function (RSF) models, Johnson et al. (2021) found that CAH female caribou select areas with higher DN, DE, and biomass, but lower MI, similar conditions associated with increased late June calving success and survival. Collectively, these results suggest that summer habitat selected by the CAH confers fitness benefits (Fretwell and Lucas, 1970), reinforcing the utility of RSFs for identifying habitat conditions important to population performance (Aldridge and Boyce, 2007).

The links we found between the CAH’s demographic rates and their summer range conditions may have implications for caribou populations in the future. Climate change is generally expected to result in earlier, warmer Arctic summers (Lader et al., 2017; Severson et al., 2021) which has the potential to increase the severity and duration of mosquito harassment (Culler et al., 2015; Koltz and Culler, 2021), increase forage biomass (Elmendorf et al., 2012; Doiron et al., 2014), and reduce forage DN (Zamin et al., 2017; Johnson et al., 2018; Richert et al., 2021). These factors are likely to have opposing effects on caribou demographic rates, but their relative magnitudes are unknown. For example, our results suggest that greater mosquito harassment may reduce caribou reproductive success and survival, particularly given the compounding effects of lower DN on late June calving success, but that greater forage biomass may offset declines to survival. As a result, the net effects of these different factors on caribou population growth are currently unclear. Adult female survival is the demographic rate with the highest elasticity in ungulate populations, but because it is often relatively stable, reproductive success, which is more variable, often drives temporal variation in population growth (Gaillard et al., 2000). In practice, the relative influence of these vital rates may depend upon the population trajectory, as ungulate declines may often be driven by depressed adult survival, while stable and increasing populations may be more commonly driven by variation in reproduction (Johnson et al., 2010; Manlik, 2019). Understanding the collective influence of these different summer factors on CAH population performance will require adequate data on additional vital rates (i.e., juvenile survival), information that is currently lacking. Fauchald et al. (2017) found that declines in barren-ground caribou populations occurred during summers with greater vegetation productivity but was uncertain about the mechanism driving this relationship. In our study, individual female caribou that experienced greater summer biomass also experienced greater insect harassment (Pearson’s correlation = 0.43, t = 9.71, p < 0.001) and reduced forage DN (Pearson’s correlation = −0.45, t = −10.21, p < 0.001), conditions that may depress some caribou demographic rates and potentially influence population trends.

While we detected relationships between caribou demographic rates and extrinsic summer habitat conditions, we did not detect clear relationships with the intrinsic condition of the population growth rate or previous late June calving success. Negative density dependence is well recognized to influence the dynamics of caribou and other ungulate populations (Bonenfant et al., 2009; Ahrestani et al., 2013), but despite the variation in population trend during the study (Supplementary Figure 1), we failed to detect an effect of r on reproduction or survival. Caribou abundance was estimated from photocensus counts on their early summer range, but during different times of the year the herd regularly overlaps with animals in the neighboring Teshekpuk and Porcupine caribou herds (Prichard et al., 2020), potentially confounding the relationship with summer density. Additionally, only nine population estimates occurred during the 20-year study period, hampering our ability to assess the influence of annual variation in r. In our population-level models, we tried to account for reproductive carryover effects by including the previous year’s late June calving success. In our top parturition model, we found greater late June calving success in the previous year was associated with reduced parturition in the current year, presumably due to a reproductive carryover effect (Cook et al., 2021), but there was no clear relationship with late June calving success in the current year. We suspect that late June calving success is a poor index of the full reproductive costs of rearing calves until they are weaned, which likely accounts for the mixed responses to this variable.

Our analyses were useful for testing hypotheses about the influence of summer habitat conditions on caribou demographic rates, but have several limitations that are important to acknowledge. For example, our forage models were based on only six key forage species, where their average biomass, DN and DE were estimated for each pixel of the CAH summer range, with associated error (Johnson et al., 2018, 2021). Because caribou are highly selective foragers (Denryter et al., 2017) we expect that their use of different species varies across the summer (Russell et al., 1993; Ehlers et al., 2021), an aspect we had no information on and could not incorporate into our calculations. Additionally, our forage predictions were limited to those landcover types that were sampled in the field, which excluded low shrub and sparsely vegetated areas that are certainly used by caribou in summer. Increasing the precision of our forage models, accounting for temporal variation in plant selection, and obtaining abundance and quality estimates across additional vegetation types, would all improve our forage estimates and strengthen our inferences about their relative importance. While we investigated the influence of conditions conducive to harassment by mosquitos, we did not evaluate the potential effects of harassment by oestrid flies, which occurs during mid- to late-summer. In other caribou and reindeer populations, oestrid flies elicit strong behavioral responses (Hagemoen and Reimers, 2002; Witter et al., 2012) and reduce body condition and pregnancy rates (Hughes et al., 2009). Our weather-based index of oestrid fly harassment, however, has been shown to have little influence on caribou behavior (Johnson et al., 2021), leading us to suspect that the index is inadequate for detecting meaningful variation in fly activity. With a more reliable index, it will be important to assess the relative and collective influence of mosquito and fly harassment on caribou demography in future research.

While our study examined correlations between summer habitat conditions and caribou reproductive and survival rates, it is important to recognize that it does not demonstrate causation, nor does it account for other factors likely to be influential during summer or the remainder of the year. For example, predation, winter nutrition, winter weather, human disturbance, harvest, and other parasites have all been demonstrated or hypothesized to influence demographic rates in other barren-ground caribou populations (Boulanger et al., 2011; Pachkowski et al., 2013; Kaluskar et al., 2019; Plante et al., 2020). Our research provides support for hypotheses about the role of summer conditions in influencing caribou demographic rates but additional research will be needed to comprehensively elucidate the suite of factors potentially influencing CAH demography, their relative effects, and how they may be altered in the future by changing climate conditions.

Despite the limitations, our work adds support to a growing body of evidence emphasizing the importance of summer nutrition for shaping demographic performance in ungulates (Cook et al., 2013; Monteith et al., 2014; Proffitt et al., 2016; Schrempp et al., 2019; Cook et al., 2021, Proffitt et al., 2021), and uniquely illustrates how mosquito harassment, and its interaction with summer forage resources, may also influence demographic rates. Indeed, our findings suggest that summer foraging opportunities for Arctic caribou are a function of both forage availability and accessibility, and to unravel the mechanisms affecting caribou demography both aspects need to be considered. Given that changing climate conditions are altering caribou forage quantity and quality (Zamin et al., 2017; Richert et al., 2021) while also altering insect abundance and phenology (Culler et al., 2015), it will be important to monitor changes in these habitat factors. Such information will be critical for clarifying the influence of changing summer conditions on caribou demographic rates and population trends, and ultimately, to predict how they may be altered in the future.
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Models tested associations between annual rates of being parturient or having a calf in late June in year ¢ + 1 with the mosquito index (MI), early summer digestible nitrogen (DN), summer

digestible energy (DE), summer biomass (BM), and previous late June calving success (PCS) in year t.
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Models tested associations between the probability of dying during September-May (9-month survival) and the mosquito index (MI), early summer digestible nitrogen (DN), summer digestible

energy (DE), and summer biomass (BM) the previous year.
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